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CHAPTER 1 
Introduction 

INTRODUCTION 
Aquatic macrophylcs constitute an important component in many shallow aquatic ecosystems They 
have a significant influence on the structure of the aquatic communities and perform a wide range 
of functions in the ecosystem (Den Hartog, 1978, Van der Velde, 1978, 1980, 1981, Den Hartog 
and Van der Velde, 1988) 
The main functions of aquatic macrophyles include 
primary production, 
- recycling of nutrients and carbon compounds from the water layer and the sediment and 
- production and consumption of dissolved oxygen 
Furthermore, aquatic macrophyles influence the physical conditions of the ecosystem by reduction 
of current and wave action, interception of light and stabilization of the sediment (Hutchinson, 
197"), Wetzel, 1975, Den Hartog, 1978, Den Hartog and Van der Velde, 1988) Aquatic macro­
phyles also have numerous specific relations lo other biota in the ecosystem The living plant tissue 
is a food source for various animals (Gacvskaya, 1969), and decaying macrophyte remains can 
play an important role in the detritus food chain Finally, aquatic macrophylcs have a function as a 
substrate for animals, bacteria, fungi and algae and they act as shelter, spawning and oviposition 
site and nursery lor various groups of animals (Van der Velde, 1980) 
Structural and functional aspects of macrophytc-dominaled ecosystems have been studied 
in the Laboratory of Aquatic Ecology (Catholic University Nijmegen) since 1973 One of the types 
of communities under study is the nymphacid dominated system The nymphaeid growth form of 
water plants is characterized by the occurrence of a root system anchoring in the bottom and 
longly petiolalcd floating leaves Submerged leaves can also be present (Den Hartog and Van der 
Velde, 1988) The nymphaeids studied predominantly at the Laboratory ol Aquatic Ecology are 
Nymphaea alba L, Nuphar lutea (L ) Sm and Nymphoides pettata (Gmcl ) О Kuntzc (Van der 
Velde, 1981) These plants are abundant in many shallow waters, often occurring in almost 
monospecific stands 
During a programme, various aspects ot the nymphaeid-dominalcd systems in the 
Netherlands have been studied on the species and community level 
Д The different stages in the life cycle of Nymphaea alba, Nuphar lutea and Nymphoides peltata 
- floral biology (Van der Velde et al, 1978, Van der Velde and Van der Heijden, 1981, 
Gicscn and Van der Velde 1983, Van der Velde, 1986a), 
- seed dispersal, germination and establishment (Smits and Wctzels 1986, Smits et al 
1989. Smits étal 1990d.b,c), 
- growth production nutrient uptake and elemental composition (Van der Velde et al, 
1979, Brock, 1983, Brock et al, 1983, Van der Velde and Peclcn-Bexkens, 1983, Smits 
et al, 1988, Smils et al, 1992), 
- decomposition (Lammens and Van der Velde 1978 Van der Velde et al, 1982, Brock et 
al, 1982, De Lyon et al, 1983, Brock, 1984, Brock et al 1985a,b, Van der Velde and 
Van der Heijden, 1985) 
J3 Organisms associated with these nymphacid macrophytes 
- phyloplankton in nymphaeid dominated systems (Roijackcrs, 1985 and literature therein), 
- penphyion on nymphacid macrophytes (Dclbecquc, 1983, Delbecquc and Chalrou, 1983, 
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Delbecque,1985. Delbecque and Suijkerbuijk, 1988), 
- macrofauna associated with nymphaeid macrophylcs (Van der Velde 1979, Van der 
Velde and Broek 1980, Broek and Van der Velde, 1983, Van der Velde and Van der 
Heijden, 1985, Van der Velde et al, 1985, Bergers et al, 1986, Krekels et al, 1986. Van 
der Velde, 1986b, Van der Velde and Bergers, 1987, Van der Velde and Hiddink, 1987, 
Van der Velde, 1988 Van der Velde et al, 1989 Van der Velde and Broek, 1991) 
In contrast lo Nymphoides peltata, which is restricted to alkaline waters (Smits et al, 1992) 
Nymphaea alba and Nuphar lutea are abundant in many shallow eutrophicated as well as acidified 
walers (Van der Velde et al, 1986) A comparison of décomposition rate and changes in the 
organic chemistry of decomposing floating leaf material of Nymphaea alba in an acid and an 
alkaline water indicated that the decomposition processes are very different m these waters (Brock 
et al, 1985a) This fact prompted further investigations on the effect of water quality on the 
decomposition of Nymphaea alba, leading to the research project of which the results arc presented 
in this thesis 
Decomposition of macrophytes 
The following definition of decomposition is used decomposition is the whole range of processes 
through which dead material of organisms (in this case macrophytes) is transformed into inorganic 
compounds or non biotic organic compounds In both terrestrial and aquatic systems, the detritus 
food chain is quantitatively the most important pathway for recycling of macrophyle material 
(Odum, 1971, Mann, 1975, Wet/el, 1975, Van der Velde and Van der Heijden 1985, this thesis 
chapter 2) Consequently, a large number ol organisms in an ecosystem have their niche in the 
decomposition food chain (e g Anderson and Sedell, 1979) The study of decomposition processes 
has lead to a better understanding of energy budgets of streams and lakes (c g Kaushik and Hynes, 
1971, Polunin 1982) and cycling of nutrients and carbon (eg Brock 1984 Hemminga et al 
1988, this thesis chapter 2 and 3) 
Degradation processes in aquatic and terrestrial environments arc largely similar, but there 
are also some important difterenccs Lack ot water may be limiting breakdown processes in 
terrestrial systems by impeding the activity ol the microorganisms (Beck, 1968 Sodcrstrom 1979) 
This limitation docs not exist in aquatic systems Moreover, leaching of soluble components takes 
place very rapidly in walcr (c g Godshalk and Wetzel, 1978a, Larsen 1982, Webster and Benficld 
1986), causing a very rapid weight loss in the first days of the decomposition process In walcr, 
particulate organic mailer can be transported easily by wave or current action In terrestrial soil, 
transport of particulate detritus depends largely on the activity of fauna (Odum, 1971) 
Oxygen has a low solubility in walcr and therefore anoxia of underwater sediments and 
the adjacent water layer frequently occurs The decomposition rates under anaerobic circumstances 
are usually lower, probably due to the unlavourable energetics ot anaerobic metabolism and the 
recalcitrance of lignin under anoxia (Bcnncr et al, 1984) Anaerobic decomposilion in aquatic 
sedimenls is typically a stratified process, in which a diverse bacterial community participates (eg 
Odum 1971, Bülen 1978 Jones 1979) 
Two main sources of plant material are important in aquatic systems allochthonous or 
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terrestrial plant remains and autochthonous plant material Aquatic macrophytes usually have a low 
structural fibre content and a low C/N ratio, compared to terrestrial plants (eg Hutchinson, 1975, 
Godshalk and Wel/el, 1978a. Webster and Benfield, 1986), as the former generally lack supporting 
tissues Therefore, aquatic plants decompose faster than terrestrial plant mate π al Webster and 
Benfield (1986) rank plant types according to their decomposition rales submergent and nym-
phaeid macrophytes > helophytcs and terrestrial herbaceous plant > woody plants 
Herbivores and phytopathogenic microorganisms colonize aquatic macrophytes during their 
development This can inflict considerable damage, either on the growing or the senescent tissues 
(Howard-Williams et al, 1978, Robb et al ,1979, Van der Velde, 1980, Rogers and Breen, 1981, 
Barnabas, 1992) Therefore, production and decomposition of aquatic plants is a continuous 
process II is difficult to distinguish clearly between phases in senescence and initial decomposi­
tion since these processes may lake place simultaneously in one plant and even in one leaf 
The fate of terrestrial plani litter in aquatic systems is different The plant remains are 
often dry when entering the water and do not harbour active decomposer communities They arc 
colonized by aquatic microflora and detntivorous fauna only after immersion This causes a lag 
phase in microbial activity and influences the microbial and detntivore species composition Some 
species of the terrestrial microflora can develop in water and may also play an important role in 
the decomposition of terrestrial matcnal in aquatic systems (Pugh, 1974, Charnier et al, 1984) 
Leaf blades of nymphaeid water plants like Nymphaea alba and Nuphar lutea have a 
conlenl ol structural compounds comparable lo lhal of most submerged aquatic macrophytes 
(Hutchinson, 1975) and therefore (he leaf blades ot these plants generally have a decomposition 
rate comparable to that of submerged aquatic macrophytes (Webster and Benfield, 1986) Other 
plant parts of nymphaeids like the petiole and the root stock however, have a much slower decay 
rate (Brock 1982a 1984, 1985b) Furthcmiore, floating leaf blades of the nymphaeids can be 
colonized by macroinvertcbratcs and microorganisms through the air which can lead to compo­
nents of terrestrial origin in the fauna and microbe communities involved in herbivory, senescence 
and initial stage ot the decomposition of the floating leaves (Van der Velde and Van der Heijden, 
1985, Van der Velde and Brock, 1991, this thesis, chapter 6) 
Decomposition of aquatic macrophyte tissue consists of a complex senes of interacting 
processes (Fig 1) Often different stages of the decomposition process can be found on one plant 
or even on one leaf Vital macrophyte tissue can be used by herbivores and microorganisms 
(phytopalhogens) Input of plant matcnal into the detritus food chain occurs as faecal pellets, vital 
leaf fragments (due to leaf fragmentation by feeding macrofauna and physical factors like wind and 
wave action) and dead plant tissue (due to phytopalhogens and physical factors like freezing and 
drying out) (Lammens and Van der Velde 1978, Van der Velde, 1980, Polunin, 1982, Van der 
Velde and Van der Heijden 1985) 
Betore the death of the plant material, the plant tissue usually goes through the senescence 
phase In this process, the (bio)chcmical composition ot the plant tissue changes due to hydrolysis 
of macromolccules like DNA and proteins and resorption ot soluble nutrienti (Bidwcll, 1974, this 
thesis, chapter 2) Senescent material is more attractive lor facultative detntivorous macrofauna 
than vital tissue, due to the loss of tissue structure and sometimes, of secondary chemical 
compounds and the colonization of the tissue by microorganisms (Rogers and Breen, 1983) The 
senescent leaf tissue is partially degraded by cellulolytic baclcna (Howard-Williams et al, 1978, 
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Figure 1. 
Relations between decomposition stages and the organisms involved in the various stages. 
Robb et al., 1979; Rogers and Breen, 1981; Barnabas, 1992). Thus, the senescence phase 
hasconsiderablc influence on the condition of the plant tissue and the organisms associated with the 
plant material at the start of the decomposition sensu stricto. 
The decomposition process sensu stricto, starting at cell death, can be divided into two 
phases. The first stage is the debris phase. During the debris phase, the original structure of the 
plani materia] is still recognizable. At cell death, the integrity of the cell membrane is lost and 
small molecules can leach out of the tissue. The chemical composition of the material changes 
rapidly during leaching. The concentration of small organic molecules like monosaccharides and 
monovalent ions like K* and Na* decreases sharply and up to 40 % of the mass of the decompos-
ing debris is lost (Harrison and Mann, 1975; Brock, 1984). This can lead to a relative increase in 
concentration of the components that are not readily soluble, such as proteins or Ca:* (Brock, 1984; 
this thesis, chapter 3). Another consequence of the loss of membrane integrity at cell death is the 
loss of the inner structure of the cell. Reactive biochemicals e.g. (poly)phenolics are mixed with 
proteins and other compounds, leading to the formation of random polymers which arc relatively 
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resistant to degradation This process is thought ю be the starting point of humification (Rice, 
1982, Boonetal, 1983) 
The debns is used as a food source by detritivores of the functional groups of shredders 
and grazers/scrapers (Anderson and Scdell, 1979) The action of these animals and that of cell-wall 
degrading microorganisms decreases the particle size of the decomposing material The resource 
quality of the debns for detritivores is enhanced by microbial colonization (Barlocher and 
Kendnck, 1981), and the microbial colonization of the debns is stimulated by consumption by 
detritivores (Harnson 1989) Therefore, microbial degradation and consumption of decomposing 
plant tissues by macrofauna are to a certain extent interdependent 
The next phase in the decomposition is the detntus phase In the detritus phase, the 
onginal structure of the decomposing material is lost The matenal becomes increasingly recalcit­
rant, due to the loss of easily degraddble components and the progressing humification, so the 
decomposition rate slows down considerably (eg Godshalk and Wetzel, 1978b, Webster and 
Benfield, 1986) In this stage, the detntal particles arc used as a food source by fauna of the func­
tional groups of lillcr feeders and gatherers 
The decomposition process as a whole is strongly influenced by environmental factors 
Factors such as pH, temperature, nulnent concentration in the water and in the decomposing 
material arc important determinants of the decomposition process (Godshalk and Wetzel, 1978b, 
Brock et al, 1985a, Harnson 1989) Of these factors pH has not only an influence on the rale of 
the decomposition but also on the course of the whole process Low pH inhibits decomposition of 
aquatic macrophyle matenal (Brock et al, 1985a, Charnier, 1987, Leuven and Wolfs, 1988, Ulis 
thesis) In extremely acid systems this inhibition can be so complete that the decomposition seems 
to stop in the debns phase This is also reflected by the changes in organic chemistry of the 
decomposing material Under acid conditions, the rate of changes in chemical composition in 
decomposing leaf material of Nymphaea alba slows down soon after the leaching phase, and cell 
wall compounds of the hemiccllulosc class accumulate in the matenal This is not observed in 
material decomposing under alkaline circumstances (Brock et al, 1985a) 
Methodological considerations 
A detailed study on decomposition of an aquatic macrophytc vegetation should include 
qualitative and quantitative aspects ot all stages of this process The study of each stage of the 
decomposition process has its own characteristic methodological problems and therefore different 
approaches arc required (Table 1) 
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Table 1 
Techniques used in the dilferent stages ot the decomposition process in this study 
leaf 
condition 
vital 
senescent 
debns 
detritus 
process 
production, 
nerbi vory. 
turnover 
fragmentation. 
nutrient resorption 
decomposiüon 
parameier 
input in decomposition 
process 
remaining leaf area. 
nulnenl content in 
relaUon to leaf age 
mass loss rate. 
exoenzymatic activity, 
changes in chemical 
composition 
technique 
leaf marking in field 
plots, estimation of 
damage to leaves 
leaf marking, harvesting 
leaves of known age. 
chemical analysis 
Utter bag. 
enzymauc assays and 
chemical analysis of 
litter bag matcn.il 
Important quantitative input parameters of the decomposition process are /\ total 
production of plant parts, J3 turnover, and Ç utilization of plant material Wilh these parameters, 
the fate of the macrophyte material produced and the total amount of material decomposed can be 
determined The production and turnover ot plant parts are best studied with a non-dcslructivc leaf-
marking technique Such a technique also allows qualitative and quantitative observations on the 
organisms associated with the senescence process (Van der Velde et al, 1982, Van der Velde and 
Van der Heijden, 1985, this thesis. Chapter 2) 
The chemical composition of plants can change strongly during the various stages of 
development (Bidwell, 1974) The mam part of the aquatic macrophyte material entering the 
decomposition process has gone through the process of senescence (Van der Velde and Van der 
Heijden, 1985, this thesis, chapter 2) Therefore, it is necessary to study the influence of 
senescence on the composition of the plant parts It is not possible to evaluate the quantitative 
importance of decomposition in e g nuinent recycling, without this information Chemical changes 
during the ageing of the plant are dclemtincd by harvesting marked plant parts ot known age The 
dynamics of nutrients during senescence and the total production give information on the N and Ρ 
input into the system through decomposition 
The detritus phase is commonly studied using the mesh bag or leaf pack method These 
methods give infonnation on the rate ol mass loss, and, combined with the appropriate analyses, on 
chemical and microbiological processes There is, however, much variation in experimental scl-up 
and the results of various authors arc therefore often not fully comparable The exposition 
technique of the decomposing material under study has a major influence on the mass loss 
dynamics In leaf packs and litter bags with coarse mesh, the fraction of the decomposing material 
lost due to transport of fragmented material is high This may lead to high estimates of decomposi­
tion rates (Stewart and Davics, 1989) The contribution ot macrofauna to the decomposition 
process is often studied with experiments using litter bags with fine and coarse mesh to allow or 
hinder colonization of the decomposing material by macrofauna (e g Brock, 1984, Stewart and 
Davies, 1989) This approach has the disadvantage that the effect of colonization by macrolauna 
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cannot be distinguished from the effect of the mesh size on transport of fragmented detritus In 
Chapter 8 of this thesis, a litter bag technique is described that avoids this problem 
The natural course of decomposition of water plants must be considered in the experimen­
tal design Apart from the exposure technique, two major factors influence rale and pattern of mass 
loss, viz the condition of the malenal chosen for the experiment and the pretreatment of this 
material Hamson and Mann (1975) showed that the decomposition rate of young, green leaves of 
Zostera manna L in litter bags was much higher than that of senescent leaves This can be 
explained by reallocation of nutrients during the ageing of the leaves and by accumulation of 
secondary compounds like phenolics It is generally accepted that nutrient content and the C/N 
ratio have a great influence on the decomposition rate (e g Godshalk and Wetzel, 1978b, Carpenter 
and Adams, 1979) As most plant parts go through the process of senescence it is preferable to 
conduct litter bag experiments with senescent material In the studies presented in this thesis, litter 
bag experiments were always earned out with senescent ι e yellowish leaf blades 
It is still common practice to dry plant material before putting it in mesh bags (e g Singhal 
et al, 1992) However, drying influences the rale and pattern of weight loss Dried material has a 
more rapid leaching phase, but a lower overall decomposition rate (Brock et al, 1982, Larscn, 
1982, Brock, 1984, Gessner, 1991) The nutnenl dynamics during degradation arc also influenced 
by the drying process The temperature during drying has little influence on the course of the 
degradation (Larsen, 1982) Since water plant material generally does not dry out, predrying is to 
be considered an artifact and should be avoided In the studies presented in this thesis, litter bag 
expenments were performed with fresh material (Chapter 7,8), or with frozen malenal Freezing 
was considered necessary to obtain a batch of homogeneous material for a senes of related 
laboratory experiments (Chapter 3,4,5,6) 
SCOPE OF THE THESIS 
This thesis deals with the senescence and the decomposition of floating leaf malenal of Nymphaea 
alba (Bio)chcmical changes in the malenal during the senescence and decomposition processes are 
desenbed and the role ot fungi and niacroinvertebrate fauna in the decomposition is studied A 
major question addressed in this thesis is What is the effect of pH and related water quality 
lactors on the senescence and decomposition of floating leaf material of Nymphaea alba and what 
arc the mechanisms underlying this effect 
The effects of pH on décomposition are not well understood Although many investigations 
show that various types of macrophyle malenal have a low decomposition rate under acid 
conditions (eg Brock et al 1985a, Allard and Morcau, 1986, Charnier, 1987, Leuven and Wolfs, 
1988, Garden and Davics, 1989, Schoenberg et al, 1990), the mechanisms of (his inhibition are 
not clear There is evidence of direct ellecls of low pH on decomposing microorganisms, and 
cflccls on dctritivorous macrotauna may be important also (Fig 2) Furthermore, microorganisms 
can stimulate the activity ol dctnlivorcs and vice versa (Barlochcr and Kendnck, 1981, Hamson, 
1989) Deleterious effects ot low pH on cither microorganisms or dctntivorous macrofauna can 
therefore decrease the activity of the other group as well Water quality parameters related to low 
pH, such as low HCO, concentration or total absence of HC03 and elevated aluminium levels in 
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Figure 2. 
Effect of low pH on the interaction of microbes and macrofauna during the decomposition of macrophyle 
remains. 
the water are additional factors possibly involved in the low decomposition rale in acid systems 
(Brock et al., 1985a; Palumbo et al., 1987; Leuven and Wolfs, 1988; Wcathcrley et al.. 1989). The 
input of leaf material of Nymphaea alba and, for comparison, Nuphar lutea (L.) Sm. into the 
detritus food chain and the nutrient recycling during senescence was investigated in several waters 
differing strongly in pH, buffering capacity and trophic level (Chapter 2). The relation between pH, 
HCOj' and aluminium concentration in the water and decomposition of N. alba floating leaf 
material was studied in laboratory experiments (Chapters 3 and 4). 
It was expected that the microbial degradation of certain classes of cell wall polymers is 
specifically inhibited by low pH. This was suggested by two lines of evidence. First of all, Brock 
et al. (1985a) found accumulation of cell wall components of the hcmiccllulose class under acid 
conditions, in both field and laboratory studies on the decomposition of floating leaves of 
Nymphaea alba, and interpreted this result as an indication of specific inhibition of hcmiccllulase 
enzymatic activity. Secondly, it was found that, at low pH, aquatic Hyphomycclcs (Fungi) 
important in the decomposition of terrestrial leaf material did neither produce pectin-degrading 
enzymes nor caused leaf maceration (Subcrkropp and Klug, 1979, Charnier and Dixon, 1982a,b) 
To investigate the possibility of inhibition of enzymatic cell wall degradation, the activity 
of pecüc enzymes, henucellulase and cellulase in decomposing N alba material was measured 
under a range of water quality conditions (Chapter 5) Furthermore, the effect of pH on leaf 
maceration and utilization of cell wall components by selected microorganisms was studied 
(Chapter 6) 
The abundance and diversity of detntivorous macrofauna is low in acid systems (Mackay 
and Kersey, 1986, Leuven and Wolfs 1988) Since detnlivores usually are thought to stimulate the 
decomposition of macrophyte remains by decreasing the particle size and increasing microbial 
activity (e g Anderson and Sedell, 1979, Hamson, 1989), a low activity of detnlivores may cause 
a low decomposition rale This hypothesis was investigated by comparing the effect of macrofauna 
exclusion on the decomposition rale of two types of litter viz floating leaf material of Nymphaea 
alba and fallen leaves of Betula pubescens Ehrh in two aquatic systems differing strongly in pH 
and other water quality parameters (Chapter 7) 
Another possible factor contributing to the etfect of pH on the decomposition is that the 
leaf blades of Nymphaea alba contain high concentrations of phcnolics from the class of 
hydrolysablc tannins (McClurc, 1970, Kok et al. 1992) These compounds can inhibit dclntivorc 
feeding and microbial activity (Valiela and Rielsma, 1984, Nicolai, 1988) Hydrolysablc tannins 
have a pH-depcndent activity spectrum, the binding capacity of these compounds is greatest at low 
pH (Loomis, 1974) The combination of a high concentration of hydrolysable tannins and a low pH 
can cause an extra inhibition of microbial decomposition and may lead to a low resource quality of 
the decomposing material to detnlivores Low microbial activity can lead to low feeding activity of 
detnlivores and vice versa The impact of tannins on the effects ot low pH on the decomposition 
was studied by comparing the effect of waler quality on litter containing a high and a low tannin 
content (Chapter 7) The influence of tannin content on consumption ot N alba litter by a 
detntivore, the isopod АчеІІич aquatitus (L ) was also studied (Chapter 8) 
Finally, a conceptual model was developed ot the mechanisms that lead to the inhibition of 
decomposition under acid conditions and ot the role of macroinvcrtcbratcs and microorganisms in 
the inhibition of decomposition at low pH (Chapter 9) 
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Abstract Production turnover and nutrient dynamics of floating leaves of N\mphaea alba L and 
Nuphar lutea (L ) Sm were studied in four aquatic systems in The Netherlands differing strongly 
in water qualitv Production was 108—M7 g AFDW m for V lutea and 319-348 g AFDW m for 
V alba Turnover ranged from 3 6 to 4 4 without much difference between the sites and the species 
During senescence 60-70° о of the N and Ρ from the leaves was resorbed by both of the plant species 
The nutrient flow from the floating leaves into the detritus food chain differed considerably between 
the species ana sites studied mainly because of the differences in production The data suggest that 
production is strongly influenced b\ the environment whereas turnover and nutrient resorption 
during senescence seem to be plant characteristics There was little difference in dynamics of the 
chlorophyll a concentration in the leaves of the two species irrespective of the growing site Floating 
leaves of both species lost about 70° o ot their area due to fragmentation in the alkaline waters 
whereas in the acid water verv little fragmentation was observed 
Introduction 
It is generally accepted that decomposition is one of the key processes in the 
nutrient and carbon cycles in ecosystems Degradation and mineralization 
processes can be considered the counterpart of primary production Further­
more, a large part of the organisms in an ecosystem have their niche in the 
decomposition food chain (e g Anderson & Sedell 1979) 
One of the main processes linked to decomposition in aquatic systems is the 
cycling of nutrients The release of nutrients from decomposing macrophyte 
material has been studied by many authors (e g Howard-Williams et al 1983, 
Brock 1984 Hemminga et al 1988) 
Most of the studies on nutrient dynamics during decomposition have been 
carried out using the litter bag technique and material detached from the plant 
However the decomposition of aquatic macrophytes is usually characterized by 
the fact that this plant material gradually enters the senescence and initial decay 
stages Cellulolytic microorganisms can be among the primary colonizers of 
aquatic plants (Howard-Williams et al 1978, Robb et al 1979) and these 
organisms can cause extensive damage to plant organs (Rogers & Breen 1982) 
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Thus, the microbial decay of the macrophyte material may start soon after plant 
parts are formed It seems quite likely that the plant organs attacked by 
microorganisms lose nutrients to the surrounding water, because of death of 
cells and loss of tissue integrity 
Another cause of changes in nutrient concentrations during the life of a plant 
organ is resorption of valuable components by the rest of the plant during 
senescence N and Ρ containing compounds are hydrolysed in the senescence 
process and the nutrients are transported to vital parts for reuse or to special 
storage structures (Bidwell 1974) This flow of nutrients can not be detected by 
the litter bag or leaf pack techniques normally used in decomposition research 
To assess the importance of the decomposition of macrophytes in the carbon 
and nutrient cycles in aquatic systems, the total input of plant material in the 
decomposition food chain and the amount of nutrients in this material should 
be estimated This can be done by determining the total production and turn­
over of the aquatic macrophytes and the changes in nutrient concentrations 
during the life of the plant organs In this way the particulate matter and 
nutrient flow from the macrophytes into the decomposition food chain can be 
estimated as well as the amount of nutrients reused by the plants 
In this paper results of studies on the production and turnover of floating 
leaves (1 e floating leaf blades only) of Nuphar lutea (L )Sm and Nvmphaeaalha 
L are presented Production and turnover were investigated m four systems, 
differing strongly in water quality, using a non-destructive leaf marking method 
Furthermore, changes in chemical composition of the leaves during the life span 
were studied This combination allows estimates of the total input of leaf blade 
material and nutrient flow into the detritus food chain and of the fraction of the 
nutrients reabsorbed by the plant during senescence 
Nuphar lutea and Nvmphaea alba were chosen for this investigation for several 
reasons These plants are dominant macrophytes in a large part of the shallow 
waters in The Netherlands and they are relatively insensitive to both eutrophi-
cation and acidification of the environment (Van der Velde et al 1986, Smits et 
al 1988) This allows studies on production and decomposition under a wide 
range of circumstances Furthermore a large part of the biomass of these plants 
consists of floating leaves These floating leaves are very suitable for this type 
of study, because they are large, easily marked and observed and their life span 
is long enough to allow weekly observation and short enough to follow the 
whole senescence and initial decomposition process of all leaves developed in a 
plot within one growing season 
Materials and methods 
Study sites 
Studies on production and senescence were carried out in four different systems 
The Oude Waal (municipality of Ubbergen, Province of Gelderland) is a shal­
low oxbow lake, situated in the river forelands, of the River Waal 'Pond G' is 
20 
Table I Chemical characteristics of the water οΓ the studied sites (mean values and pH ranges of 
monthly measurements). 
N H ; 
NO,-
po}-
K* 
Na + 
Ca :* 
SOÍ' 
c\-
Alk 
pH 
дтоІ.Ь" 
^mol.L" 
μιηοΐ L~ 
μπιοί L" 
μιτιοί L" 
/imol.L-
μπιοΙΧ^ 
μιηοΐ L^ 
meq L" 
Oude Waal 
13 
4 
06 
134 
1440 
1880 
660 
1980 
52 
6 7-8 3 
'Pond G' 
4 
6 
0 5 
48 
708 
1842 
310 
920 
4 7 
7 8-8.4 
Haarsteegse 
Wiel 
5 
3 
02 
69 
517 
1180 
290 
610 
1 5 
7 1-8.5 
Voorste 
Choorven 
75 
13 
0.2 
47 
310 
230 
380 
340 
0 07 
4 7-5 5 
a remnant of the moat of the former fortification Ooy and is located in the direct 
vicinity of the Oude Waal, but it is protected from flooding by a dike (Van der 
Velde 1980). The Haarsteegse Wiel (municipality of Vlijmen, Province of 
Noord-Brabant) is a deep isolated lake which had its ongin in floods caused by 
dike bursts of the River Meuse. The Voorste Choorven is a shallow, isolated, 
culturally acidified moorland pool near Oisterwijk, Province of Noord-Brabant. 
In all these water bodies, dense, nearly monospecific nymphaeid stands occur. 
Chemical characteristics of the investigated systems are given in Table 1. 
Production and turnover of floating leaves 
Production and turnover of floating leaves were studied using a non-destructive 
leaf marking method. Plots of 1 nr were laid out in the middle of monospecific 
stands. A square PVC tube frame (1 χ lm) was held at approximately 15cm 
below the water surface by anchoring bricks and cork floats (Fig. 1) Newly 
developed leaves received a numbered mark (Fig. 2). Observation and marking 
of new leaves were done weekly, during the whole growing season. The length 
of each leaf was measured weekly, since some growth takes place after unrolling 
of the leaves, and damaged or missing areas were estimated visually as the 
percentage of the area of each individual leaf. The leaves were considered dead 
if > 95% of the leaf area was missing or if the leaf had lost its buoyancy due to 
complete decay. 
To calculate the biomass in the plots (Ash-Free Dry Weight, AFDW), equa­
tions describing the relation between leaf length, leaf area and AFDW were 
computed. On each location a large number of leaves was harvested at random 
several times during the growing season. For each site, the relation between leaf 
length and AFDW was established. Furthermore, the relation between leaf 
length and leaf area was determined for the undamaged leaves. This relation was 
used to estimate the potential leaf area (i.e. the area the leaf would have had if 
undamaged) of damaged leaves. There was a good correlation between the 
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Fi ι» / Plot of \uphar luwci with a 1 гтГ perforated PVC-lubing Irame held ca 15 cm under the water 
surlace bv cork floats so that the unlolding of the leaves is not hindered The frame is anchored at 
each corner with a string and a brick 
determined parameters, for all locations (Van der Velde & Peelen-Bexkens 
1983). 
Using the relationship between leaflength. leaf area and AFDW, the potential 
standing crop in each plot could be calculated. The actual biomass was estimated 
by subtraction ofthebiomassofthe missing leaf area The net production wascom-
puted by summation of maximal potential biomass of the leaves developed during 
the growing season Turnover rates were calculated by means of the formula 
net production 
turnover rate = -
mean potential standing crop 
ÎP4^ 
Fig. 2. Floating leaf of Nuphar lutea marked with rotex tape on which a number is printed. The 
covering paper is removed and the tape is fixed around the petiole with a staple, without damaging 
the petiole. The other end of the tape is drawn through the leaf sinus and bent above the water 
surface like a flag, so that it can be easily read. Leaves were marked as soon as they unfolded at the 
water surface. 
Observations on production and turnover were carried out in the Oude Waal in 
1977 for Nuphar lutea and Nymphaea alba, in the Haarsteegse Wiel in 1977 for 
Nuphar lutea and in the Voorste Choorven in 1988 for Nymphaea alba and 
Nuphar lutea. 
Chemical changes and fragmentation during senescence and nutrient input into 
the detritus compartment 
Chemical composition during leaf senescence was determined in a series of 
70-90 leaves, which were marked shortly after reaching the surface. Each week 
seven leaves were harvested at random as long as marked leaves were present. 
From these leaves, the remaining leaf area, the chlorophyll-α concentration, a 
parameter to estimate the stage of senescence, and N and Ρ concentrations were 
determined. 
The leaf area was measured in the laboratory using a planimeter (Kontron 
Messgeräte, MOP. AMO 3). The potential leaf area was calculated from the leaf 
length as described above. The actual leaf area was expressed as a percentage 
of the potential leaf area. 
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Chlorophyll was extracted from triplicate subsamples of the leaves, taking 
care that the ratio of damaged and undamaged areas in the samples was 
equivalent to that on the leaves 80 mg leaf material (fresh weight) was used for 
each subsample Chlorophyll-α was measured spectrophotometncally, after 
extraction in 80% ethanol 1ml extradant per 10 mg (fresh weight) of leaf 
material was used The acidification method was used to correct for phaeo-
phytm (Moed & Hallegraeff 1978) The fresh weight/dry weight ratio of the 
remainder of the leaf was used to compute the dry weight of the extracted leaf 
parts Calculations of chlorophyll-α concentrations were performed according 
to Roijackers (1981) 
Total N and Ρ concentration in the leaves was determined after grinding and 
destruction of the dried leaves with H 2 S 0 4 / H , 0 : (Van Dijk & Roelofs 1988), 
using triplicate subsamples Nitrogen was measured as NH^ using salicylate 
reagent (Grasshoff & Johannsen 1977) Phosphorus was estimated with an ICP 
emission spectrophotometer 
The N and Ρ input from the floating leaves into the decomposition food chain 
was estimated by means of the formula 
nutrient input = nutrient concentration in senescent material 
χ potential production 
The underlying assumptions for this calculation are 
A The decrease in nutrient concentration during senescence is caused by 
resorption and not by leaching 
В The parts of the leaves that are lost by fragmentation have gone through the 
whole process of senescence 
С Most of the aquatic herbivorous fauna species feed on leaf material which 
is senescent To simplify the calculation damage by specialized herbivores 
in the early life stages was neglected 
The reasons for these assumptions are considered in the discussion 
The studies on the chemical changes during senescence of Nymphaea alba 
were carried out in the Oude Waal (1986, two series) and in the Voorste 
Choorven (1988, one series) For Nuphar lutea, investigations were carried out 
in the Oude Waal (1986, two series). 'Pond G' (1987, two senes) and in the 
Voorste Choorven (1987 and 1988, one series each year) The calculations of the 
N- and P-input from the floating leaves were performed on the data sets of the 
Voorste Choorven and the Oude Waal It was assumed that the results for the 
nutrient concentrations in 1986 could be used as estimates for the N- and 
P-dynamics in 1977, because no data on nutrient levels in the floating leaves for 
1977 were available 
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Table 2 Production and turnover data for floating leaves of Nuphar lutea and Nymphaea alba 
Nuphar lutea 
Site 
Year 
Net production 
(g AFDWm"2 yr ') 
Max biomass 
(g AFDWm"·) 
Potential 
Actual 
Mean persistence (days) 
Turnover (year-1) 
Oude Waal 
1977 
234 
105 
88 
38 4 
44 
Voorste Choorven 
1988 
108 
51 
50 
48 7 
38 
Haarsteegse 
Wiel 
1977 
447 
190 
162 
49 9 
38 
Nymphaea alba 
Site 
Year 
Net production 
(g AFDW m ; yr ' ) 
Max biomass 
(g AFDWm" : ) 
Potential 
Actual 
Mean persistence (days) 
Turnover (year-1) 
Oude Waal 
1977 
348 
154 
139 
462 
3.8 
Voorste Choorven 
1988 
319 
139 
138 
49 3 
36 
Results 
Production and turnover of floating leaves 
The production data for Nuphar lutea and Nymphaea alba floating leaves are 
presented in Table 2. Floating leaves of Nuphar lutea showed their highest produc-
tion in the Haarsteegse Wiel and their lowest in the Voorste Choorven. Nymphaea 
alba stands showed far less difference between the studied sites. The actual floating 
leaf biomass of both nymphaeid species was almost equal to the potential biomass 
in the Voorste Choorven. In the other systems studied there was far more difference 
between the actual and the potential biomass. The differences in turnover rates and 
the mean persistence of the leaves were small compared to the differences in the 
production data. The results are similar for both species. 
Chemical changes and fragmentation during senescence and nutrient input into 
the detritus compartment 
The nutrient dynamics of the floating leaves of Nuphar lutea from the Oude 
Waal and from 'Pond G' were very similar. The results show that there was little 
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Fig 3. Mean chlorophyll-i concentrations (με per g dry weight - S.D.) in marked floating leaves, 
which were undamaged at the moment of marking, over a series of sampling dates. Sampling look 
place until no marked leaves could be found any more. At each date 7 leaves were harvested and 
subsamples were taken for chlorophyll extraction. (A) Nymphaea alba. Oude Waal 1986. (B) 
Symphaea alba. Voorste Choorven 1988. (C) Nuphar lutea. Pond G 1987. (D) Nuphar lutea. Voorste 
Choorven 1987/1988. 
difference in chlorophyll-;* and nutrient dynamics between the two nymphaeid 
species under investigation. The mean initial N- and P-levels in the leaves from 
the Voorste Choorven were lower than the mean N- and P-levels from the leaves 
from the Oude Waal or 'Pond G\ for both species. The mean chlorophyll-α 
concentrations at the start of the experiments were comparable between floating 
leaves of all the studied sites. Very soon after reaching the surface, the mean 
chlorophyll-α concentration in the leaves started to decrease. After three to four 
weeks, the decrease accelerated (Fig. 3). In the Oude Waal and 'Pond G', mean 
N and Ρ levels of the floating leaves showed the same tendency (Figs. 4 and 5). 
In floating leaves of the Voorste Choorven, nutrient levels during the summer 
series were comparable to those of floating leaves in the other systems studied. 
The results of the autumn observations on Nuphar lutea from the Voorste 
Choorven showed a different pattern of nutrient dynamics and a slower loss of 
chlorophyll-α from the floating leaves. The ultimate mean levels of chlorophyll-
x, N and Ρ were similar in all cases, except for the leaves of Nuphar lutea from 
the autumn series in the Voorste Choorven (Figs. 4 and 5). 
In the non-acid systems the remaining leaf area decreased constantly during 
the period of the life span of the leaves (Fig. 6). In the acid Voorste Choorven, 
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Fig 4 Mean phosphorus concentrations (μιτιοΙ per drv weight + S D ) in marked floating leaves, 
which were undamaged at the moment ot marking, over a series ol sampling dates Sampling took 
place until no marked leaves could be found any more At each date 7 leaves were harvested (A) 
\\mphaea alba. Oude Waal 1986 (B) N\mphaea alba Voorste Choorven 1988 (C) Suphar lutea, 
Pond G 1987, (D) Nuphar lutea Voorste Choorven 1987/1988 
the decayed floating leaves of both macrophyte species remained almost intact 
until they disappeared by loss of buoyancy 
The nutrient (N and P) input into the systems through decomposition of 
floating leaves is presented in Table 3 The nutrient input into the detritus 
compartment was about 30-40% of the total amount of N and Ρ present in the 
floating leaves About 60-70% of the N and Ρ of the floating leaves was 
resorbed by the plant The differences in resorption by the studied species were 
small in all cases Only the Ρ resorption from the floating leaves of Nymphaea 
alba in the Voorste Choorven was significantly lower than the Ρ resorption from 
floating leaves in the Oude Waal (p < 0 05, Student's t-test) 
The total input of nutrients from the floating leaves into the detritus food 
chain depended on the concentrations in the leaves at the end of the senescence 
phase and on the total production of floating leaves The nutrient input, both 
N and P, from the leaves of Nuphar lutea was small in the Voorste Choorven 
compared to the nutrient input from the floating leaves of Nuphar lutea in the 
Oude Waal Nymphaea alba stands showed less difference in this respect between 
the sites studied The N input was higher in the Voorste Choorven while the Ρ 
input was higher in the Oude Waal 
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Discussion and conclusions 
Production and turnover oj floating leaves 
The production of Л'утрпаеa alba in the Voorste Choorven was comparable to 
that in the Oude Waal Nymphaea alba seems to be fairly insensitive to acidifi­
cation The distribution of this species is independent of pH and alkalinity (Van 
der Velde et al 1986, Smits et al 1988) The nutrient levels of the water differed 
between the systems studied, the Oude Waal showing higher concentrations of 
Ρ and lower N concentrations than the Voorste Choorven This did not lead to 
a major difference in production It was surprising that the higher N-concen-
tration in the water of the Voorste Choorven did not result in a higher N-level 
of the floating leaves It is possible that there is a difference in sediment-based 
nutrient uptake of the plants at the studied sites, or that the lower N-levels are 
caused by shortage of Ρ or by some detrimental effect of low pH on the plants 
Nuphar lutea is more sensitive to acidification than Nymphaea alba, having its 
optimum in slightly acid to circumneutral waters with pH values between 6 0 
and 7 3 (Van der Velde et al 1986) Production of this species in the Voorste 
Choorven was clearly lower than in the non-acid waters The Nuphar lutea 
vegetation in the Voorste Choorven may be a remnant from the times when the 
water quality was circumneutral 
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Fig 6 Mean remaining leaf area of marked floating leaves (percentage of initial ί S D ) , which 
were undamaged at the moment of marking, over a senes of sampling dates Sampling took place 
until no marked leaves could be found any more. At each dale 7-10 leaves were harvested, their leaf 
area measured by means of a planimeter and the results expressed as percentage of the pontential 
leal'area [A) Mymphaea alba. Oude Waal 1986, (B) Nymphaea alba. Voorste Choorven 1988, (C) 
Nuphar lutea. Pond G 1987, (£>) Nuphar lutea, Voorste Choorven, 1987/1988 
The high productivity of Nuphar lutea floating leaves in the Haarsteegse Wiel 
can not be explained from the nutrient concentrations in the water layer. Both 
N and Ρ showed higher levels in the water of the Oude Waal. It is known that 
nymphaeids can take up their nutrients through their roots as well as through 
their leaves (Twilley et al. 1977; Brock et al. 1983). Therefore, it is likely that the 
difference in productivity is caused by differences in the soil nutrient concen­
trations. 
Our production estimates do not take into consideration the excretion of 
Table 3 Nitrogen and phosphorus input from the floating leaves into the detritus food chain. 
Nuphar lutea 
input into detritus 
(mmol.m~: yr~') 
resorbed by plant 
Nymphaea alba 
input into detritus 
(mmol.m- 2 yr" ') 
resorbed by plant 
Oude Waal 
Ρ 
11.2 
73% 
25 2 
71% 
N 
397 
72% 
617 
70% 
Voorste Choorven 
Ρ 
4 9 
68% 
14 1 
61% 
Ν 
179 
69% 
703 
65% 
organic matter by the leaves It has been known for a long time that aquatic 
plants excrete organic matter (eg Hough & Wetzel, 1975) This part of the 
production can not be estimated by the leaf marking method Wetzel et al 
(1972) calculated that 4% of the photosynthetic production of aquatic macro-
phytes was excreted as dissolved organic matter Therefore, the error resulting 
from neglecting the excretion of dissolved organic matter is presumably small 
Determinations of production must take into account the reabsorption of 
organic matter (Westlake 1982) Correction for resorption was made by means 
of the equation calculating the biomass of the floating leaves from the length 
The reabsorption of organic matter will lead to a lower biomass without changes 
in the leaf length The leaves that were harvested to obtain the relationship 
between leaf length and biomass were randomly sampled several times during 
the growing season In this way, the different ratios between leaf length and 
biomass of senescent leaves and vital leaves are averaged in the resulting 
equation The figures presented here are therefore to be considered as conser­
vative estimates, because excretion of organic matter was not taken into con­
sideration 
The mean life span and the turnover rates of the floating leaves of the studied 
species are little affected by the environmental factors in the various systems 
The differences in productivity of the floating leaves are much larger between the 
studied sites So it seems that the turnover is under control of the plant rather 
than environmentally influenced It is not clear which mechanisms cause the 
mean leaf age and the turnover to be so constant 
Chemical changes and fragmentation during senescente and nutrient input into 
the detritus compartment 
The resorption of nutrients by the remaining plant parts of both Nymphaea alba 
and Nuphar lutea was nearly equal for all the systems studied, indicating that the 
environmental factors have little influence on the reallocation of nutrients 
during ageing It seems that during senescence several processes are under tight 
control of the plant The role of this control in the life strategies of nymphaeid 
water plants will be discussed in a later paper 
For Nuphar lutea the N and Ρ input from the floating leaves into the detritus 
compartment differed considerably between the Voorste Choorven and the 
Oude Waal This was mainly due to the large difference in production 
Nymphaea alba showed far less variation in nutrient input in the waters 
studied In the Oude Waal the Ρ input was higher, corresponding to a higher Ρ 
level in the leaves and higher Ρ concentrations in the water The same tendency 
was not observed for N in the Voorste Choorven Here the high N levels in the 
water did not cause high N concentrations in the leaves and therefore the 
differences in the N input into the detritus food chain were relatively small 
In the calculations of the nutrient input, it was necessary to correct for the 
reabsorption of nutrients by the remaining plant parts The decrease in N and 
Ρ levels in the floating leaves was unlikely to be due to leaching after cell death. 
M) 
for two reasons 
1 The concentrations of sodium and potassium did not decrease much during 
most of the experiment Only at the end of the observation series, greater 
losses occurred (data not shown) Potassium and sodium are very rapidly 
lost during leaching (Larsen 1982, Brock 1984) So it is implausible that 
leaching was important dunng the ageing of the floating leaves 
2 It is unlikely that a significant part of the phosphorus and nitrogen were lost 
by leaching out of dead cells, since the remaining N- and P-containmg 
compounds in senescent leaf material of Nymphaea alba and Nuphar lutea 
are not very soluble This is demonstrated by the rise in nitrogen and 
phosphorus content of Nuphar lutea and N\mphaea alba floating leaf de­
tritus during the first stage of litter bag experiments (Kok et al 1990) 
Similar results have been described in the literature on decomposition (e g 
Howard-Williams et al 1983, Hemminga et al 1988) 
The second assumption in the calculation of the nutrient input was that leaf 
parts lost by fragmentation were totally senescent and the nutrients had already 
been reabsorbed before the loss occurred Our field observations gave the 
impression that tears and other physical damage of the leaves not caused by 
herbivores were mostly restricted to brown or rotten places on the leaves This 
makes the assumption acceptable 
The results of studies on the epifaunal community of nymphaeid water plants 
imply that most of the epifauna which is able to consume macrophytic material, 
prefers aged leaf material, with the exception of the obligatory herbivores (Van 
der Velde 1980, Smock & Stoneburner 1982) It was therefore assumed that the 
nutrient concentrations in the consumed material were equal to the levels at the 
end of the senescence process This made it unnecessary to correct the calcu­
lations of the resorption of nutrients for herbivore feeding It is known that the 
damage from herbivores to floating leaves can be much larger than the actual 
consumption The larvae and adults of the beetle Galerucella nymphaeae L feed 
on the floating leaves of Nuphar and Nymphaea (Wallace & O'Hop 1985, as 
Pyrrhalta nymphaeae) Their actual consumption is low compared to the exten­
sive damage they can inflict by causing fragmentation of the leaves The same 
was observed on the chironomid Cricotopus tnfasciatus (Meig ) mining the 
floating leaves of Nymphoidespettata (Lammens & Van der Velde 1978, Van der 
Velde et al 1982) Fragmentation damage by herbivores in early stages of leaf 
development was also noticed in our investigations on Nuphar lutea and Nym­
phaea alba floating leaves, but it seemed of minor importance in these plant 
species in the waters studied So it was disregarded in the calculations 
Data on nutrient resorption during senescence of submerged and floating 
leaved aquatic macrophytes are scarce, compared to data on emergent macro-
phytes(eg Prentki et al 1978, Klopatek et al 1978) Room & Thomas (1986) 
found that the nitrogen content of leaves of Sah ima molesta Mitchell decreased 
to about 30% of their original value during senescence Phosphorus levels 
decreased to 20% Hocking et al (1981) found that 30-40% of N and Ρ were 
Ή 
still associated with moribund tissue of the seagrasses Posidoma austrahs Hook 
F and Posidoma sinuosa Cambridge & Kuo Ceratophyllum demersum L re­
allocates 23-34% of N and 34-39% of Ρ from senescent parts in the eutrophic 
Lake Vechten (Best, unpublished data) Garver et al (1988) reported resorption 
values of 30-40% for Ty^/m-species, but Klopatek (1978) calculated a resorp­
tion of 18% for Tvpha lauf olia L Some terrestrial plants are known to resorb 
50% or more of the nutrients in their leaves before abscission (Chapín 1980 and 
literature therein), but other terrestrial species do not seem to recycle any Ρ at 
all (Richardson et al 1978) The differences in these figures may be due to the 
different life strategies of the plants studied, to differences in life span of the 
organs studied, or perhaps to the nutrient concentrations in the environment 
However, methodological differences may well contribute to the discrepancies 
in the literature Most investigators in this field study nutrient concentrations in 
standing crop during the growing season, without gathering information on the 
age of the investigated material This approach may yield quite different figures 
on the resorption of N and Ρ 
It was expected that a large part of the nutrients would be resorbed from the 
floating leaves of Nuphar lutea and Nymphaea alba, because these species have 
extensive root systems which function as permanent storage organs It is, 
however, likely that many aquatic plants without storage organs also reallocate 
nutrients from senescent plant parts to vital, growing sections (Small 1972) 
There was a striking difference in the remaining leaf area during the develop­
ment of the floating leaves between the stands in the acid Voorste Choorven and 
the other, non-acid systems Both plant species investigated showed very little 
loss of leaf area during their whole life span in the acid system This indicates 
an inhibition of the microbial degradation of the floating leaves Lack of 
fragmentation of Nvmphaea alba floating leaf material was also observed in 
litter bag experiments in the Voorste Choorven and in laboratory decompo­
sition experiments under acid conditions (Brock et al 1985, Kok et al 1990) 
This phenomenon seems to be caused by inhibition of cell wall degradation at 
low pH as shown by the accumulation of hemicellulose components m leaf litter 
under acid circumstances (Brock et al 1985) and the low activity of major cell 
wall degrading exoenzymes in detritus from acid systems (Kok and Van der 
Velde, submitted) 
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ABSTRACT 
Кок. С J . Meesters. H.W.G and Kempers. A.J . 1990. Decomposition rate, chemical composition 
and nutrient recycling of' \\mphaeaalba L floating leaf blade detritus as influenced by pH, alkalin­
ity and aluminium in laboratory experiments. Äqual Bot, 37' 215-227 
Decomposition experiments were earned out in chemostats. using synthetic media, to investigate 
the influence of pH, Al and HCOf concentrations on the decomposition and chemical composition 
ot floating leaf material of Nvmphaea alba L Low pH and elevated Al concentrations inhibited decay 
High HC03~ concentrations stimulated decomposition N concentration in the detritus increased in 
all media, but more so in the non-acid treatments In media containing HCOj", Ca and Mg concentra-
tions rose in the decaying material. In acid media, these elements disappeared rapidly from the detri-
tus. N and Ρ recycling from the detritus was slower in acid media because of the lower overall decay 
rate 
The importance of these results for understanding the consequences of the acidification process in 
aquatic systems is discussed 
I N T R O D U C T I O N 
Nymphaeid water plants, e.g. Nymphaea alba L., Nuphar lutea (L.) Sm. 
and Nymphoides peltata (Gmel. ) O. Kuntze are important macrophytes in 
many shallow waters in The Netherlands. These plants are capable of high 
primary production (Brock et al., 1983; van der Velde and Peelen-Bexkens, 
1983; Kok et al., 1990) and they often dominate the aquatic macrophyte 
communities (van der Velde, 1980). Only a small part of the nymphaeid plant 
material produced is directly consumed by herbivores. The major part of the 
annual production, mainly floating leaves and petioles, dies and enters the 
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decomposition food chain (Lammens and van der Velde, 1978; van der Velde 
et al., 1982; van der Velde and van der Heijden, 1985). Similar observations 
have been made on other aquatic macrophytes (Mann, 1975; Wetzel, 1975: 
Polunin, 1982). Therefore the process of decomposition is very important in 
the cycling of nutrients and carbon, and it is one of the major factors in the 
functioning of the aquatic ecosystem. 
Decomposition processes are known to be influenced by many factors, e.g. 
type of material decomposed (C/N ratio, structural fibre content), water 
quality and temperature (Godshalk and Wetzel, 1978; Brock et al., 1985b). 
In poorly buffered systems receiving substantial amounts of acid and acidi­
fying components (e.g. acid rain or acid mine drainage), degradation of plant 
material is often inhibited (Carpenter et al., 1983; Brock et al., 1985a; Allard 
and Moreau, 1986; Mackay and Kersey, 1986). This is usually ascribed to the 
inhibiting effect of low pH on bacterial numbers and activity (Bick and Drews. 
1973; McKinley and Vestal, 1982; Rao and Dutka, 1983). Recent literature 
indicates that, apart from low pH, other chemical changes accompanying aci­
dification are also important causes of the inhibition of degradation. The in­
crease in Al concentration and the decline in HCOj" concentration, as ob­
served in field studies on acidification, may be major factors explaining the 
slow decay rate in acidified systems (Brock et al., 1985a; Palumbo et al., 1987; 
Leuven and Wolfs, 1988). 
It is very difficult to determine the importance of the various possible causes 
of the inhibition of degradation in acidified waters in the field situation. 
Therefore decomposition experiments were carried out in the laboratory, us­
ing artificial media. In this way, it was possible to assess the effect of pH, 
HCO;r concentration and Al addition on the decay rate and the chemical 
composition of the detritus. 
The recycling rate of the nutrients from the detritus can be calculated from 
the overall decay rate and the changes in the concentrations of nutrients in 
the detritus. In this way, it is possible to study the effect of the investigated 
water quality parameters on nutrient cycling. 
MATERIALS AND METHODS 
Senescent floating leaf blades of N. alba were collected in the Hazeputten, 
a small culturally acidified moorland pool (pH = 4.1 ) in the vicinity of Nijnsel, 
Province of Noord Brabant. The leaves were transported to the laboratory in 
polyethylene bags and stored in a freezer at —20° С until further use. 
Leaf disks were obtained from the leaves using a cork borer ( 1.2 cm diam­
eter). Litter bags ( 5 x 5 cm, mesh size 2 mm) were filled with 5 g (fresh 
weight) of leaf disks. Subsamples of the frozen material were dried ( 105°C, 
24 h ) and the fresh weight/dry weight ratio was determined. Using this ratio, 
the initial dry weight in the litter bags was calculated. After harvesting, the 
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contents of the mesh bags were dried and reweighed. Dry weight of the detri­
tus in the harvested litter bags was expressed as a percentage of the (calcu­
lated) initial dry weight. 
The experiments were carried out in 15-1 glass aquaria placed in a water 
bath at 15°C. The aquaria were covered with black plastic to prevent photo-
synthetic production. The water in the aquaria was continually refreshed from 
120-1 black polyethylene stock containers by means of peristaltic pumps ( 15 
1 day" ' ). The aquaria were gently aerated to ensure complete mixing of the 
water and to prevent anoxic conditions in the litter bags. The media were 
made by adding chemicals to twice demineralized water. The composition of 
the basic medium is shown in Table 1. Media differing in buffering capacity, 
pH and Al concentration were composed by the addition of NaHC0 3 , 
NH 4 A1(S0 4 ) : and/or HCl to the basic medium. The additions can be read 
from Table 2. 
The composition of the basic medium is comparable with the mean chem­
ical composition of poorly buffered non-acid waters in The Netherlands 
(Roelofs, 1983). The Al concentration was similar to the mean Al concentra­
tion in Dutch waters with pH<4.5 (Leuven and Kersten, 1988). 
In a weekly sampling procedure, three litter bags were harvested for each 
treatment. The total experiment lasted 7 weeks. 
TABLE 1 
Chemical composition of the basic medium (μΜ ) 
Na + 
K + 
Mg2 + 
Ca : + 
ci-
SO;-
NH4
+ 
NOf 
PO43-
Fe 
620 
150 
60 
125 
610 
250 
10 
20 
0. 
2.1 
TABLE 2 
Chemicals added io the basic medium to compose the various experimental media and the resulting 
pH 
Treatment Additions pH 
1 0.1 mMHCl + 2 5 ^ M N H 4 A l ( S O J 2 4.0 
2 0.1 mM HCl 4.0 
3 0.3 mM NaHCOj 6 5 
4 5.0 mM NaHCOj 8.5 
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After drying, the leaf disks ( Г = 0 sample) and the contents of the litter 
bags were homogenized in a grinding mill (Retsch). Three subsamples of the 
ground material per litter bag were taken for analysis. The chemical compo­
sition of the detritus was determined after destruction with H 2 S0 4 and H 2 0 2 
(van Dijk and Roelofs, 1988). 
N was measured as NHLf according to Grasshoff and Johannsen ( 1977) 
using a Technikon II autoanalyser. Na and К were estimated using a Techni-
kon IV Flame Photometer. P, Mg and Ca were measured using an ICP emis­
sion spectrophotometer. 
The amount of N and Ρ remaining in the litter bags (as a percentage of the 
initial amount ) was calculated from the concentration of the component in 
the detritus and the percentage remaining dry weight using the formula 
„ . . concentration χ remaining dry weight _ . . 
Remaining amount = : • • • , 7 — . , X 100% 
concentration χ initial dry weight 
Statistical procedures 
Because most of the data were not normally distributed, not even after log­
arithmic or arcsin transformation, Wilcoxon's test was applied to see whether 
remaining dry weight and chemical composition were significantly different 
for the various media. Results were considered to be significant if P< 0.05. 
RESULTS 
The course of the weight loss of the detritus is shown in Fig. 1. The results 
of the statistical analysis are shown in Table 3. 
The decay rate of the detritus in the acid media was clearly lower than in 
% of initial 
100 
0 
\ 
• ' ^ ^ 
- — : = medium 1 
<>--> - medium 2 
¿ — Û = medium 3 
- — J = medium I 
10 20 30 10 days 
Fig. 1. Remaining dry weight of N. alba detritus during chemostat experiments ( percentage of 
initial dry weight). Medium 1: pH 4.0, 25 μΜ Al; Medium 2: pH 4.0; Medium 3 pH 6.5, 0.3 
mM НС0 3-, Medium 4: pH 8.5, 5 mM НС0 3 " . 
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TABLE 3 
Statistical comparison of the effects of the various media on the dry weight dynamics and the chemical 
composition of the detritus during the experiment 
Dry weight Nitrogen 
Medium 
1 
2 
3 
4 
1 
NS 
* 
4 4 
2 
NS 
* 
4 4 
3 
* 
* 
NS 
4 
** 
** 
NS 
Medium 
1 
1 
3 
4 
1 
* 
** 
** 
2 
* 
* 
** 
3 
4 4 
* 
* 
4 
** 
** 
* 
Phosphorus Sodium 
Medium 
1 
2 
3 
4 
1 
NS 
NS 
** 
2 
NS 
NS 
** 
3 
NS 
NS 
4 4 
4 
** 
** 
** 
Medium 
1 
1 
3 
4 
1 
NS 
NS 
NS 
2 
NS 
NS 
NS 
3 
NS 
NS 
NS 
4 
NS 
NS 
NS 
Potassium Magnesium 
Medium 
1 
2 
3 
4 
1 
NS 
NS 
NS 
2 
NS 
NS 
NS 
3 
NS 
NS 
NS 
4 
NS 
NS 
NS 
Medium 
1 
2 
3 
4 
1 
* 
** 
4 4 
2 
* 
4 4 
4 4 
3 
4 4 
4 4 
* 
4 
4 4 
4 4 
* 
Calcium 
Medium 
1 
? 
3 
4 
1 
** 
* 4 
** 
2 
** 
** 
** 
3 
** 
** 
** 
4 
** 
4 * 
4 4 
* = P<0.05,** = P < 0 01, NS = not significant. 
the buffered media. Decomposition was more rapid in Medium 2 (pH = 4.0) 
than in Medium 1 (pH = 4.0, with Al addition). In Medium 3 (pH = 6.5, 0.3 
mM NaHC03 ), the decay rate was lower than in Medium 4 ( pH = 8.5,5 mM 
NaHC03). 
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• -
- • ^ . 
— " . 
f 
10 20 30 LO 
days 
: = medium 1 
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= medium 3 
: = medium 4 
Fig. 2. Concentrations (//mol dry weight"1) of Ν, Ρ, Na, Κ, Ca and Mg in N. alba detritus 
during chemostat experiments. Medium 1: pH 4.0, 25 μΜ. Al; Medium 2: pH 4.0; Medium 3: 
pH 6.5, 0.3 mM НС03- ; Medium 4: pH 8.5, 5 mM НС03" . 
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7 . of initial 
0 10 20 30 10 
days 
j—z- medium 1 
—, - medium 2 
д — о = medium 3 
— - = medium t 
Fig 3 amounts of Ν (λ) and Ρ (В) in V alba detritus during chemostat experiments (per­
centage of initial amount). Medium I. pH 4.0, 25 μΜ Al, Medium 2· pH 4.0; Medium 3: pH 
6 5 ОЗгаМ HCOf. Medium 4: pH 8.5. 5 mM НС0 3 ". 
The N concentrations in the detritus increased in all media during the ex­
periment (Fig. 2a). The concentrations of N in the detritus in the acid media 
(1 and 2) were significantly lower than in the buffered media (3 and 4). 
There were no significant differences between Media 1 and 2 or between Me­
dia 3 and 4 (Table 3). 
The various treatments had no significant effect on the Ρ concentrations in 
the detritus (Table 3). In all media, the Ρ concentration in the detritus showed 
a peak in the first or second week of the experiment, after which it remained 
at a fairly constant level (Fig. 2b). 
Na levels were higher in the detritus from Medium 4 (pH 8.5, 5 mM 
NaHC0 3 ) . There were no significant differences between the detritus levels 
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TABLE 4 
Statistical comparison of the effect of the various media on the amount of N and Ρ in the detritus 
during the experiment 
Nitrogen Phosphorus 
Medium 
1 
2 
3 
4 
1 
NS 
* 
* 
*> 
NS 
* 
* 
3 
* 
* 
NS 
4 
* 
* 
NS 
Medium 
1 
-> 
3 
4 
1 
NS 
* 
* 
Ί 
NS 
** 
* 
3 
* 
** 
* 
4 
* 
* 
* 
* = P<0 05. ** = P<0 01. NS = not significant 
from the other treatments (Table 3). Like K, Na concentrations declined 
sharply during the first week and remained at a constant level for the rest of 
the experiment (Fig. 2c). 
К concentrations in the detritus showed a sharp decline in the first week 
and a constant low level during the rest of the experiment (Fig. 2d). There 
were no significant differences between the various media (Table 3). 
Ca concentrations increased in the detritus from the buffered media ( 3 and 
4). In the detritus from Medium 1 (pH = 4.0, with Al addition), the Ca level 
declined slowly during the experiment. The Ca levels in the decaying plant 
material from Treatment 2 (pH = 4.0) remained at their initial-level during 
the whole experiment (Fig. 2e). The effects of all the treatments on the Ca 
concentrations were significantly different (Table 3). 
Mg concentrations in the detritus from all the treatments declined during 
the first week. In the buffered media 3 and 4, a slight increase in Mg was 
found during the rest of the experiment. In the detritus from the acid media, 
Mg concentrations remained at a low level (Fig. 2f). The influence of the 
various media on Mg concentrations was significant in all treatments (Table 
3). 
The amount of N and Ρ remaining in the litter bags (percentage of initial 
amount in the detritus ) during the experiment is shown in Fig. ЗА and B. The 
amount of N in the decaying plant material from the acid media ( 1 and 2) 
decreased more slowly than in the buffered media (3 and 4). The statistical 
analysis of the data is shown in Table 4. 
The amount of Ρ in the detritus showed initial increases in Media 1, 2 and 
3. In Media 1 and 2 (acid media), levels > 100% were reached. The statistical 
analysis of the results is presented in Table 4. 
DISCUSSION AND C O N C L U S I O N S 
The experiments showed that all the water quality parameters studied in­
fluence the decay rate in some way. The pH does not influence the decompo-
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sition of JV. alba floating leaves in the range 6.5-8.5 (Kok and van de Laar, 
1990). This means that the difference in degradation between Treatment 3 
(pH 6.5, 0.5 mM NaHC03) and Treatment 4 (pH 8.5, 5 mM NaHC03) must 
be ascribed to the difference in the HCO;f concentrations of the media. The 
stimulating effect of HCOf on the decomposition of aquatic macrophyte ma-
terial is a relatively unknown phenomenon. Brock et al. ( 1985a) and Leuven 
and Wolfs (1988) mentioned that an increase in buffering capacity stimu-
lated the decomposition of, respectively, N. alba znaJuncus bulbosus L. Kok 
and van de Laar (1990) showed that HCOf increased the decomposition 
rate by neutralizing the acid produced during the degradation process. These 
findings are supported by the results of this paper. 
Al was shown to inhibit the decomposition at concentrations comparable 
to those in acidified Dutch waters. The mechanisms of this inhibition are not 
fully clear. Al can be toxic to microorganisms (Palumbo et al., 1987) and it 
is a cellulase inhibitor ( Mandéis and Reese, 1963 ), factors which may explain 
its inhibitory effect. 
Na and К levels showed a rapid initial decline in the detritus. These ele­
ments are not bound to insoluble material in the cell and cannot compete with 
Ca, Mg or Al for binding sites in the decomposing material. Similar results 
have been found by other authors (Larsen, 1982; Rogers and Breen, 1982; 
Brock, 1984). The high concentrations of Na in the detritus from Treatment 
4 (pH 8.5, 5 mM NaHC0 3 ) were probably caused by the high N.a concentra­
tions in the medium. 
A rise in Ca and Mg levels during the decomposition of macrophyte mate­
rial has been reported by many investigators (e.g. Rogers and Breen, 1982; 
Brock, 1984). This is probably due to association of Ca and Mg with insolu­
ble components in the plant cell at the start of the decomposition, and to 
binding of these ions to negative sites in the detritus. It seems that new bind­
ing sites for cations are formed during the decomposition. This can be shown 
from the increase in Ca and Mg in the detritus during decomposition. Ca 
accumulation was so high in the buffered media (3 and 4) that there was an 
absolute increase in the amount of calcium in the detritus. Perhaps the loss of 
cell wall structure during decomposition facilitated the binding of cations by 
an increase of available surface, or perhaps the high pH stimulated the for­
mation of humic compounds which are known to bind Ca and Mg (Scheffer 
and Schachtschabel, 1979). Precipitation of CaC0 3 on the detritus is proba­
bly unimportant, as the C0 3 ~ concentrations are too low at the pH values of 
the media. The Mg concentration in the detritus showed a decline in the first 
week of the experiment, in contrast with the calcium concentration. This can 
be explained by the fact that Ca is to a large extent associated with the cell 
wall (pectin). Mg is located in the cytosol and may be lost from the detritus 
during the leaching phase (Bidwell, 1974). 
Our results show that the accumulation of Ca and Mg was influenced by 
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pH and Al concentrations In acid media, the concentrations of both Ca and 
Mg in the detritus were much lower Al increased this effect It is possible that 
the Al ions compete with Ca and Mg for binding sites in the decaying plant 
material Accumulation of Al in detritus is known to occur (Palumbo et al , 
1987 ) The concentration of Al will therefore be much higher within the de­
tritus than in the surrounding water The role of pH in the binding of Ca and 
Mg is less clear The H + ions cannot compete with Ca 2 + or Mg : + ions for 
binding sites at the prevailing concentrations It is possible that at low pH the 
production of humic compounds is suppressed Oxidation reactions of phe­
nolic compounds are thought to be initial reactions of hurmfication (Larson 
and Hufnal, 1980) High Η + concentrations can inhibit the oxidation of phe-
nolics (Loomis. 1974) As humic compounds can bind cations inhibition of 
humification would lead to a lower binding capacity for Ca and Mg 
N concentrations in the decaying plant material increased during the ex­
periment Uptake of N by microorganisms mav have caused the increase in 
N concentration in the detritus It is however not likely that microbial uptake 
was the only factor causing the N increase Estimates of microbial biomass in 
detritus indicate that microbial protein contributes relatively little to the de­
tritus N (Wiebe and Pomeroy, 1972. Marsh and Odum, 1979 Rice. 1982) 
It seems that the N in the detritus forms refractory compounds which are 
decomposed more slowly than most of the other materials In this way, N 
levels in the decomposing plant remains increase (Odum et al, 1979, Boon 
et al, 1983) The decay-resistant N compounds may be the reaction products 
of proteins and phenohcs (eg tannins) (Rice, 1982) Tannins are known to 
be important secondary metabolites in manv plants and they are present in 
high concentrations in JV alba tissue ( McClure, 1970 and literature therein ) 
Hence it is likely that the formation of recalcitrant protein-tannin com­
pounds was an important factor in the rise in N levels in our experiments 
It is not clear why Ρ concentrations increased in the detritus in the first 2 
weeks of the experiment Microbial uptake of Ρ from the surrounding water 
into the detritus may have been a cause, but this cannot explain why the in­
crease in the Ρ level in the detritus does not continue during the rest of the 
experiment Another cause of the increase mav be that the Ρ compounds in 
the detritus do not leach rapidly Ρ in large molecules like DNA or phospho­
lipids will not be lost during the leaching phase of the decomposition This 
may cause an initial rise in the Ρ content of the decaying material During the 
later part of the experiment the concentrations remained at a constant level, 
which means that Ρ was lost at the same rate as the rest of the material 
Increases in Ρ concentration in decaying aquatic macrophyte material were 
also found by Hemminga et al (1988) Other authors however reported a 
rapid loss of Ρ during decomposition (Bastardo, 1979, Brock 1984) The 
cause of this discrepancy is not clear The condition of the plant material cho­
sen for the decomposition experiments may be important In the experiments 
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described in this paper, senescent leaf material was used. This may have af­
fected the Ρ kinetics because during senescence Ρ compounds are resorbed by 
the vital plant parts of N. alba (Kok et al., 1990). It is likely that the Ρ re­
maining in senescent tissue is incorporated in insoluble compounds like phos­
pholipids. If vital plant material is chosen for decomposition experiments, a 
rapid leaching of small Ρ compounds (e.g. adenosine triphosphate or ortho-
P) will lead to a sharp decline in Ρ concentration in the initial phase of de­
composition. This may explain the differences in results reported in the lit­
erature on the decomposition of aquatic macrophytes. 
The role of the decomposition process in the cycles of N and Ρ cannot be 
assessed from the concentrations of the nutrients in the detritus alone, as the 
overall decomposition rate is also important in determining the amount of N 
and Ρ released from the decaying plant material. The results in this paper 
show that in acid media Ρ and N release from N. alba detritus was slower than 
in non-acid media, although the relatively higher N and Ρ concentrations in 
the detritus from the buffered media suggested the opposite. 
It can be concluded from our results that the inhibition of decomposition 
in acidified aquatic systems is caused by various interacting factors. In our 
experiments, low pH caused a serious decline in decomposition rate. Elevated 
Al concentrations and low alkalinity both inhibited the decay process. Al, 
HCO5" and H + concentrations all change during the acidification of surface 
waters (Vangenechten, 1980; Leuven and Kersten, 1988). In the process of 
acidification, the loss of buffering capacity without much change in pH is the 
first stage (Henriksen, 1982; Arts et al., 1990). Therefore it seems likely that 
inhibition of the decomposition of macrophyte material will start at a very 
early stage of the acidification process, before a serious decline in pH can be 
detected. 
The low decay rate in acid waters will lead to a slow recycling of nutrients 
from the decomposing plant material, as shown by the results of our experi­
ments. A relatively large part of the N and Ρ in acid systems will be located in 
organic matter on the bottom and is therefore not available for primary pro­
duction. This also has consequences for the restoration of acidified systems 
with accumulated organic matter deposits. Addition of lime or other acid-
neutralizing substances can lead to a sharp increase in decay rate and a rapid 
release of N and Ρ from the detritus. Removal of the organic layer from the 
sediment may be a prerequisite for the restoration of an acidified water to the 
former oligotrophic situation. 
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Influence of pH and buffering capacity on the decomposition of 
Nymphaea alba L. detritus in laboratory experiments: A possible 
explanation for the inhibition of decomposition at low alkalinity 
С J K o k and В J van de Laar 
Introduction 
The impact of acid and acidifying deposit ion on aquatic 
systems has received a great deal of a t tent ion in t h e last 
ten years It is clear that emission of SO;, N O , and N H 3 
by traffic, industry and agriculture leads directly o r indi 
rectly t o acidification of p o o r l y buffered waters 
(ÜRABL0S & TOLLAN 1980, OVERREIN et al 1981, McCoR 
MICK 1985) Acidification has profound effects o n the 
aquatic ecosystem, it causes changes in chemistry , 
microflora, macrophyte flora and fauna (VAN D A M & 
KOOYMAN VAN BLOKLAND, 1978, VANGENECHTEN 1980, 
GEELEN & LEUVEN 1986, LEUVEN et al 1986) Rare soft 
water communit ies , already threatened by eutrophica 
non , face extinction in regions wi th a high input of acid 
and acidifying substances 
O n e of the major processes influenced by acidification 
is decomposit ion There is ample evidence that degrada 
n o n ot plant material in aquatic systems is inhibited m 
acidified systems compared to alkaline waters (TRAAEN 
1980 MCKINLEY & VESTAL 1982, H O E N I G E R 1985) Re 
cent literature indicates that , in addit ion to low p H , 
other chemical changes accompanying acidification are 
also important causes of this inhibi t ion The rise in 
aluminium concentrat ion and the decline of buffering 
capacity during acidification of the water mav be major 
factors causing the slow decay rate in acidified systems 
(BROCK et al 1985, PALUMBO et al 1987, LEUVEN SC 
WOLFS 1988) 
The mechanisms by which buffering capacity in 
fluences decomposit ion, remain u n k n o w n BROCK et al 
(1985) hypothesizes that buffered water has a greater 
capacity for neutralizing acid produced in detr i tus by de 
gradation processes Lack of buffering capacity would 
lead to acid microniches wi th in the detr i tus, in which de 
composit ion is inhibited 
T o test this hypothesis, a technique was developed to 
estimate the p H of the water inside detr i tus In a chem 
ostat experiment, the influence of buffering capacity and 
p H of the medium on decay rate, and the p H of the 
water inside detritus of Nymphaea alba ( ' internal p H " ) 
was studied 
Matenals and methods 
Senescent floating leaf blades of Nymphaea alba were 
collected in the Voors te Choorven (The Nether lands , 
lat N 5 1 ° 3 4 54 , long E 5 ° 1 8 18 ), a small, cultur 
ally acidified moor land pool T h e leaves were trans 
por ted to the laboratory in polyethylene bags and stored 
in a freezer at - 2 0 ° C until used 
Leaf disks were obtained from the leaves using a cork 
borer ( 1 2 cm diameter) Litter bags ( 5 x 5 cm, mesh size 
2 m m ) were filled wi th 5 g (fresh weight) of leaf disks 
Subsamples ot the frozen material were lyophil ized and 
the fresh w e i g h t / d r y weight rat io was determined 
Using this rat io, the initial d ry weight in the litter bags 
was calculated After harvesting, the conten ts of the 
mesh bags were weighed and a subsample of the detritus 
was set apart for de terminat ion of " in te rna l p H " T h e 
remaining material was lyophilized and reweighed 
Using the wet w e i g h t / d r y weight rat io and the total wet 
weight of the sample, the total dry weight was cal 
culated D r y weight of the detritus in the harvested litter 
bags was expressed as percentage of the initial dry 
weight 
T h e experiments were carried out in 151 glass aquana 
placed in a water bath at 20 C C T h e aquaria were 
covered wi th black plastic to prevent photosynthes is 
Water in the aquaria was cont inual ly reviewed from 
1201 black polyethylene stock containers by means of 
peristaltic pumps (151 d a y " 1 ) Media were made by 
adding chemicals to twice deminerahzed water The 
basic medium was the same as that used by BROCK et al 
(1985) (see Table 1) Media differing in buffering 
capacity and p H were prepared by addit ion of sodium 
bicarbonate a n d / o r hydrochlor ic acid t o the basic me 
d ium (Table 2) Sampling was weekly and t w o litter bags 
were harvested for each t rea tment T h e total exper iment 
lasted 7 weeks 
Measurement of the p H of the water from the detritus 
(' internal p H " ) was carried out co lor imetnca l lv De 
tr i tus was placed in a small glass tube and the water was 
squeezed out wi th a glass rod A d rop of indicator solu-
t ion was added and the colour was compared to a senes 
^ 
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Table 1 Chemical composición of the basic medium Results 
Oimol l"1) 
Na* 
K* 
Mg2* 
Ca2* 
ci-
SO42-
NH 4 + 
N O 3 -
PO43-
Fe 
620 
150 
60 
125 
610 
250 
10 
20 
05 
20 
Table 2 Chemicals added to the basic medium to pre 
pare the various solutions and the resulting pH of the 
media 
treatment additions PH 
5 0 mM NaHCOj 
0 5 mM NaHCOj 
0 3 mM NaHCOj 
HCl 
80 
72 
65 
72 
4 0 
The time course of the weight loss of the detritus is 
shown in Fig 1 The results of the statistical anal-
ysis are shown in Table 3 T h e differences between 
REMAINING DRY WEIGHT 
Legend φ 
14 21 
DAYS 
 φ med um 1 
О О med um 3 
+ г med u m 5 
28 35 
α — α 
Δ Δ 
І2 ' 
med um 2 
med um U 
Fig 1 Dynamics ot dry weight of Nymphaea alba de 
tntus during chemostat experiments (percentage of in 
itial dry weight) For the composition of the various 
media, see Tables 1 and 2 
of indicator solutions of known pH Two indicator solu 
tions were used Indicator A (pH range 3 1-54) con 
tamed bromocresol green and methyl orange, indicator 
В (pH range 4 4 - 7 6) contained bromothymol blue and 
methyl red With these indicator combinations it was 
possible to estimate the pH with an accuracy of 0 2 p H 
units, compared to standard glass electrode measure 
ments To rule out possible influence of plant or micro 
bial biochemicals on the colour development of the indi 
cators, water from the detritus was mixed with a small 
amount of strong buffer solution and pH was estimated 
using the indicator solutions No deviations from the ex 
pected values were found over the whole pH range co 
vered by the indicator solutions Measurements of the 
"internal p H " of the detritus were carried out m 
triplicate 
Statistical procedures 
Because the data were not normally distributed even 
after logarithmic or arcsine transformation, WILCOX 
ON'S test was applied to test whether che treatments had 
any significant effects on patterns weight loss by detritus 
and on the "internal p H " To test the hypothesis that 
the "internal p H " of the detritus influenced the decay 
rate, the SPEARMAN rank correlation between dry weight 
dynamics and the time course of the "internal p H " was 
calculated Results were considered to be significant if 
p < 0 05 
Table 3 Statistical analysis ot the effect of the various 
treatments on the dry weight dynamics ot the detritus 
medium 
1 
2 
3 
4 
Э 
1 
ns 
+ + 
+ + 
+ + 
2 
ns 
+ + 
+ 
+ + 
3 
+ + 
+ + 
ns 
+ 
4 
+ + 
+ 
ns 
+ + 
5 
+ + 
+ + 
+ 
+ + 
ns = not significant, + = p < 0 05, + + = p < 0 01 
0 
Legend 
7 l¿ 21 2Θ 35 
DAYS 
θ Φ medium 1 D D 
О О med um 3 Δ ù 
+ (- med um 5 
¿2 
medium 2 
medium 4 
Fig 2 Median pH of the water from detritus of Nym 
pbaea alba ("internal pH") during chemostat expen 
ments For the composition of the various media see 
Table 1 and 2 
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Table 4. Statistical analysis of the effect of the different 
treatments on the time course of the "internal p H " of 
the detritus. 
medium 
1 
? 
3 
4 
5 
1 
+ + 
+ + 
+ + 
+ + 
2 
+ + 
+ + 
+ + 
+ + 
3 
+ + 
•f + 
ns 
+ + 
4 
+ + 
+ + 
ns 
+ + 
5 
+ + 
+ + 
+ + 
+ + 
ns = not significant, + = ρ<0.05, + + = ρ < 0 01 
the patterns of weight loss in medium 1 (5 mMol-
N a H C O j , p H = 8.0) and medium 2 (0.5 mMol-
N a H C O j , p H = 7.2), and between medium 3 
(0.3 mMol N a H C O j , p H = 6.5) and medium 4 
(0 mMol N a H C 0 3 , p H = 7.2) were not signif­
icant. All other comparisons gave ρ values below 
0.05. 
The time course of the " internal p H " of the de­
tritus is shown in Fig. 2. T h e results of t h e sta­
tistical analyses are shown in Table 4. O n l y t h e dif­
ference in the development of " internal p H " be­
tween medium 3 (0.3 m M o l N a H C 0 3 , p H = 6.5) 
and medium 4 (0 mMol N a H C 0 3 , p H = 7.2) was 
not significant. 
T o test the hypothesis that the "internal p H " of 
the detritus influenced the decay rate, the SPEAR­
MAN rank correlation between the dry weight 
dynamics and the t ime course of the " interna l 
p H " was calculated. T h e correlation coefficient 
was found to be -0.62 (ρ < 0 . 0 1 , η = 107). 
Discussion and conclus ions 
The " internal p H " of the detritus was influenced 
by both p H and buffering capacity of t h e sur­
rounding medium. T h e influence of the m e d i u m 
on the "internal p H " was greater in the later stages 
of the experiment, except for t reatment 1 (high p H 
and high buffering capacity). T h e detri tus 
produced acid (CO2 from microbial metabolism 
and probably humic acids), that can acidify the 
fluid in the material. O n l y the high p H and buffer­
ing capacity from medium 1 could neutralize this 
acid production in the earlier stages of degrada­
tion. As microbial activity declined in the later 
stages of decomposition, even the media wi th less 
acid-neutralizing capacity could raise the " i n t e r n a l 
p H " , but this " internal p H " remained lower than 
the p H of the surrounding medium. The detri tus 
itself has some acid-neutralizing capacity, as is 
shown by the slow decline of the " i n t e r n a l p H " of 
the detritus in t reatment 5 ( p H = 4.0). 
There was no significant difference in the decay 
rate of the detritus between treatment 1 (5 mMol-
N a H C O j , p H = 8.0) and treatment 2 (0.5 mMol-
N a H C O j , p H = 7.2). Inhibit ion of decomposi­
t ion was detectable only if the " i n t e r n a l p H " was 
lower than 6.0. T h e " internal p H " of the detritus 
in media 1 and 2 was in the opt imal range for 
aquatic bacteria, viz. 6 .5-8.5 (RHEINHEIMER 1985). 
Changes in p H within this range are not likely to 
influence the decay rate much. 
Generalizing the laboratory results, it seems 
likely that alkalinity influences the decay rate by 
counteracting the acid production of the detritus. 
This effect, however, will only be noticeable in cir-
cumneutral, poor ly buffered waters. In waters 
with a buffering capacity over approximate ly 
0.5 meq • l " 1 , the " internal p H " of t h e detritus 
will probably be optimal for decay. U n d e r these 
circumstances o ther factors, such as nut r ient con­
tent of the detritus, will be more i m p o r t a n t in de­
termining the rate of the decomposit ion. 
T h e circumneutral, poorly buffered type of 
aquatic ecosystem is very susceptible t o acidifica­
tion. In the process of acidification, the loss of buf­
fering capacity wi thout much change in the p H is 
the first stage (HENRJKSEN 1982, A R T S et al. 1989). 
Therefore, it seems likely that inhibi t ion of de­
composit ion of macrophyte material will start at a 
very early stage of the acidification process, before 
a serious decline in the p H of the system can be de­
tected. 
T h e results of the experiment presented in this 
paper also have consequences for the design of 
strategies for the restoration of acidified waters. 
T h e fact that p H can be raised to c i rcumneutra l 
levels without sharp acceleration of the de­
composit ion by keeping the alkalinity at a low 
level, is very important for the restorat ion of acid 
lakes with accumulated organic mat ter o n the bot­
t o m . It is likely that bulk addition of l ime, raising 
p H and alkalinity to high levels, will result in 
undue stimulation of decomposit ion and nutr ient 
recycling and subsequent eutrophicat ion. Careful, 
stepwise addition of lime or other acid-neutraliz­
ing substances seems a more promising m e t h o d of 
restoring acidified waters with a high load of de­
tritus. 
S u m m a r y 
The influence of pH and alkalinity (HCO3 ~ concentra­
tion) on the decomposition rate of detritus of floating 
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leaf blades of Nymphaea alba L. was determined. L o w 
p H and low buffering capacity inhibit degradat ion. A 
m e t h o d was developed for measur ing p H of the water in 
detritus ( " interna l p H " ) . In media wi th high p H and 
high buffering capacity t h e " i n t e r n a l p H " of detr i tus ap­
pears to be higher t h a n that in media wi th a low H C O 3 ~ 
concentrat ion a n d / o r l o w p H . T h e decay rate is 
strongly correlated w i t h the " i n t e r n a l p H " . Н С О з -
seems t o st imulate d e c o m p o s i t i o n by neutral iz ing the 
acid p r o d u c t i o n by the detr i tus, thus prevent ing acid­
ification of the water in the decompos ing material . 
These results indicate that res torat ion of acidified 
aquatic systems w i t h o u t excessive s t imulat ion of the de­
composi t ion of accumulated organic m a t t e r is possible, 
if the buffering capacity of the system remains at a low 
level. 
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Summarv. A chemostac studv was conducted to inves­
tigate the influence of water quality parameters related 
to acidification processes on the decomposition of float­
ing leaves of \\mphaea alba L H C 0 3 and total Al 
concentration and pH influenced the decav rate The 
activitv of tour cell-wall decaving exoenzvmes was mea 
bured in the detritus The activitv of two tvpes of pectic 
enzyme and xvlanase was low under acid conditions 
Cellulose activity was little affected The exoenzyme ac 
uvity seemed to be influenced by the pH of the water 
within the detritus Inhibition of pectic enzymes under 
acid conditions may be an important factor causing the 
blow decav of macrophue remains in acid waters 
Kev words. Decomposition Acidification Cell wall 
degrading enzvmes - НСО
э
 - \\mphuea alba 
Decomposition is a key process in the cvclmg of nutrients 
and carbon and it can be regarded as the counterpart of 
primary production In aquatic ecosystems most of the 
energy captured bv the photosynthesis of macrophytes is 
made available to the rest of the ecosvstem through 
degradation processes Only a small part of the aquatic 
vascular plant material produced is consumed directly by 
herbivores (Pidgeon and Cairns 1981, Polumn 1982 Van 
der Velde et al 1982 Van der Velde and Van der Heijden 
1985) The role of decomposition in the nutrient cycles 
has been described by many authors (eg Brock 1984 
Hemminga et al 1988, О Connel 1988, Kok et al 
1990b) 
The factors leading to the mass loss ot decaying mac 
rophy te remains can be divided into phvsical factors like 
diffusion (leaching) of soluble components and frag­
mentation by wave action, and biological factors like 
fragmentation by detntivores and degradation bv mi­
croorganisms Saprophytic microbes cause about 
60-70% of the mass loss of macrophyte detritus during 
Offprint requerís to (_ J Kûk 
decomposition (Harrison and Mann 1975 Brock 1984) 
Microbial degradation can therefore be regarded as the 
main process in decomposition 
The soluble compounds of dead plant material are 
very rapidly lost by leaching, so that the main substrate 
of saprophytic microorganisms consists of the insoluble 
parts of the material mostlv cell wall components like 
cellulose hemicelluloses pectines etc (Charnier and Dix 
on 1982) Bacteria and tungi degrade their substrate by 
means of hvdrolytic exoenzymes and the resulting sol-
uble oligomers and monomers are taken up 
All the enzymes necessary for the degradation of the 
cell wall polysaccharides can be produced by the micro-
bial community of decaving macrophyte remains (Cha-
rnier and Dixon 1982 Benner et al 1986 Kok et al 
in press) It is likely that the activity of exoenzymes in 
the decomposing material is a very important factor 
determining the rate of decay There is however little 
information on the time course of the exoenzymatic ac-
tivity during degradation of the plant detritus and the 
relation between decay rate (rate of mass loss from litter 
bags) and exoenzymatic activity Information on these 
factors and their relation to water quality parameters 
would greatly enhance our understanding of the process 
of decomposition of macrophyte material in aquatic svs-
tems 
One factor greatly affecting the decomposition of 
plant remains in the aquatic environment is pH In 
waters strongly influenced by acid and acidifying atmo-
spherical deposition, the decomposition rates of plant 
material are generally much lower than in circumneutral 
or alkaline waters (Traaen 1980, Mckinley and Vestal 
1982, Hoemger 198э) 
Besides a decline in pH, chemical changes in acidify­
ing waters include a decrease of buffering capacity 
(HCO3 concentration) and a nse in Al and NH4 con­
centration (Vangenechten 1980 Hennksen 1982, Leuven 
and Kersten 1988) All these water quality changes affect 
the decay rate ot aquatic macrophytes (Rao and Dutka 
1983 Brocketal 1985 Palumboetal 1987 Leuven and 
Wolfs 1988) Therefore it is likely that the combined 
6^ 
changes, in these chemical factors during acidification oí 
aquatic systems are a major cause of slow decomposit ion 
in acid waters The causal relation between the observed 
changes in water chemistry and the blow decav under acid 
circumstances has been proven in laboratory experiments 
(Brock et al 1985, Leuven and Wolfs 1988 Kok et al 
1990a) 
Brocke t a l (1985) state that the chemical composit ion 
of the decaying plant material differs in alkaline and acid 
waters In acid environments, these au thors found an 
accumulation of sugar components belonging to the 
hemicellulose class This indicates that certain processes 
in the exoenzymatic degradation of the cell wall are 
inhibited at low p H 
The ability ol saprophytic microorganisms to produce 
certain types of exoenzymes in pure culture is clearly 
influenced by the chemical composit ion of the culture 
medium For instance, the production of the enzyme 
pectin lyase by saprophytic fungi is inhibited by low pH 
( < 6 5) and low calcium concentrations (Charnier 1985) 
Growth of selected aquatic fungi on pectin and isolated 
cell walls was also shown Lo be inhibited by low pH (Kok 
et al in press) However pH has not been found to 
influence mycelium growth on crystalline or amorphous 
cellulose This indicates that under acid circumstances 
pectin and possibly hemicellulose degradat ion is slow 
This leads to the hypothesis that the activity ol pectin 
and hemicellulose degrading eznymes is specifically in-
hibited under acid circumstances and a laboratorv studv 
was conducted to test this hypothesis 
Materials and methods 
The influence ofNaHC03 concentration pll NH4 and A] on the 
decay rate ol N\mphaea alba floating leaf blade delnlus ind the 
time course of (endo)cellulase (EC J 2 1 4 ) (endo)tylanase (EC 
3 2 1 32), (endo)polygalacturonase (EC 3 2 1 15) and pectin and 
pedate lyase (EC 4 2 2 2 and 4 2 2 10) were studied experimentally 
Senescent floating leaf blades of \\mphaea alba were collected 
in the Voorste Choorven (The Netherlands 51° 14 54" N 
5° 12 18" E), a small acidified moorland pool The leaves were 
transported to the laboratory in polvethylene bags and stored in a 
freezer at -20° С until further use 
Leaf discs were obtained from the leaves using a cork borer 
( 1 2 cm diameter) Litter bags ( 5 χ 5 cm mesh size 2 mm) were rilled 
with 2 g (fresh weight) of leat discs Subsamples ol the fro/en leaf 
discs were lyophilized and the Iresh weight drv weight ratio was 
determined Using this ratio the initial dry weight in the litter bags 
was calculated Alter the litter bags had been harvested the material 
was lyophilized and reweighed Dry weight ot the detritus in the 
harvested litter bags was expressed as percentage ot the initial dry 
weight The lyophilized material was stored in a freezer at - 20* С 
until determination of the exoenzymatic activity 
The experiments were carried out in 15-1 glass aquana placed in 
a water bath at 20° С The aquana were covered with black plastic 
to prevent algal growth The water in the aquana was continually 
refreshed from 120-1 black polyethylene stock containers by means 
of peristaltic pumps (15 1 day l) The media were made by adding 
chemicals to twice demineralized water The basic medium was the 
same as that used by Brock et al ί 1985) Media differing in buffering 
capacity, pH and NH.J" and Al concentration were prepared by 
addition of sodium bicarbonate NH^Cl NH4Al(SOA)2 and or hy 
drochlonc acid to the basic medium Since at pH 4 0 Al ts present 
not only as Al3* but also in hvdroxidc form (Dickinson Barrows 
Table I Chemicals added to the basic medium to prepare ihe 
various solutions and the resulting pH ol the media 
Treatment Additions pH 
1 5 т ч NaHCO, 8 0 
2 0 5 т ч NaHCOj 7 2 
3 0 3 т ч NaHCOj 6 э 
4 - 72 
3 HCl 4 0 
6 НО-'-Зэцм NH4MÍS04) 40 
1977), Al concentrations mentioned here refer to total Al The 
additions can be read from Table I Sampling was done weekly and 
Ihree Inter bags were harvested for each treatment 
Preparation of substrates ¡or e\oenz\me actuitv 
measurement 
Cellulase and xvlanase ictivity were estimated using the dve release 
method ol Bielv et al (1985) Substrates ot the en/уте assavs were 
earboxymethyleellulosc (CMC) and xyUin (both purchased from 
Sigma) Both polysaccharides were stained with Rcmazol Brilliant 
Blue (RBB) (Sigma) CMC or xvlan (1 g) were dissolved in M) ml 
twice distilled water Subsequently the lotlowing compounds were 
added 10 mg N a
:
S 0 4 in 10 ml water 0 S g NaÒH in 10 ml water 
and 0 9g RBB The solution was stirred lor 2 h Allerwards the 
reaction mixture was neutralized with HCl and 2 vols ol 100% 
ethanol were added The resulting suspension wa> hllen_d and ihe 
residue washed with ethanol water (I I », ethanol water ( 1 4) et ha 
nol 100% and acetone until the Mirate was colourless Ihe dvtd 
polysaccharide was dried at 60° С 4M h and ball milled The sub 
strale was stored in a desiccator until use 
The dye content ol the substrate was estimated using a spectro 
photometer Carefully weighed ahquots ol dved CMC 
(RBB-CMC) and dved xvlan (RBB-xvlan) were dissolved in water 
and the absorption at 595 m was compared with the absorption ol 
pure RBB dve solution Since the absorption characteristics ul the 
dve are not changed bv the reaction with poKsacchandes ι Bielv u 
al 1985), it was possible to calculate the dve content ol the 
RBB-CMC and the RBB xvlan The dve con tent was between 7 and 
9% varying slightly between various batches 
Measurement of exoenzxme actum 
Cellulase and xylanasc assays were carried out using the same 
procedure except tor the different substrite The dyed substrate 
(5 mg ml" ') was dissolved in 0 05 ч acetate buffer (pH 5 2) con 
taming 50 т м NaCl 10 т м CaCU and 3 т ч NaNj The detritus 
was homogenized using an Ystral homogenizer in the same buffer 
(5 mg dry detritus ml '), and 1 ml substrate solution and I ml 
detritus homogenate were mixed and kepi at 30° С for 20 h After­
wards. 6 ml 100% ethanol were added and the mixture was allowed 
io equilibrate for 30 min at room lemperalure The samples were 
ccntnfuged at 5000 rpm for 10 mm and the absorption oTthe super 
naiant was measured at 595 nm The absorbencv ol the supernatant 
was compared to the absorbency of a dilution series of pure RBB 
in 75% (v'v) ethanol to calculate the amount of dye in the super 
natant From the amount of dye in the supernatant and the RBB 
content ol the substrate the amount of hvdrolysed substrate could 
be computed Enzvmatic activitv units were expressed as mg hvdro 
lysed substrate mg drv detntus l h ' Reagent blanks were 
taken by stopping the reaction mmcdiatelv after mixing the enz>me 
and substrate solutions 
Since the measurements ol р е н т degrading i.nz\me activitv 
took place in crude extracts and pectin methyl esterase activty wa* 
present η the detritus darnpLs it was not possible to distinguish 
between pectin and pécule lyase iclivity with the method emplovcd 
here For this reason the activity of the lyases is reterred to below 
as pectin pedale lyase activity Polygalacturonase activity and pec 
tin pectate lyase activitv were measured lurbidimc tricallv Pectin 
(from citrus truit 10% mcthoxvlated Sigma) was dissolved 
(5 mg ml ) in 0Ü5 M Tris buffer pH 8 0 containing 1 гпч CaCl 
and j тм NaN3 lor pectin pectate lyase measurements and 0 05 ч 
acetate buffer pH 5 5 contamine the same additions lor estimates 
of polygalacturonase activity The detritus was homogenized using 
an Ystral homogenizer in the same buffers (5 mg detritus ml ') 
and 1 ml substrate solution and 1 ml detritus homogenate were 
mixed and kept at J 0 ° С lor "Ό h Afterwards 1 ml aqueous hexa 
tin pectate lyase activitv were measured turbldime tricallv Pectin 
and Anagnostakis 19"5) was mixed with 1 ml enzvme substrate 
mixture and the turbidity oí the sample was measured at 600 nm in 
a spectrophotometer after proper dilution The samples were thor 
oughly vortexed to ensure ι finely dispersed colloid The enzvme 
activitv was expressed as the decrease in absorbenev per me dry 
detritus h ' 
StalaiiLul procedures 
Because the assumptions lor \NOVA were not met even alter 
loearuhmicil or arcsinc transformation Wilcoxon s test was ap 
plied to see whether the treatments had any significant effects on the 
patterns ot weight loss ol the detritus and on the exoenzvmatic 
icliwl\ 
Results 
The decay rate of th Vj mphaea alba detritus was clearly 
influenced bv the media used in the experiment (Fig 1) 
The highest decay rales occurred in media 1 and 2 (high 
NaHCOj concentration and high pH) Both a lower pH 
and a lower NaHCO, concentration inhibited the 
decomposition There was no significant difference in 
the decomposition rate between medium 3 (0 3 т м 
NaHCOj pH 6 i and medium 4 (0 т м N a H C 0 3 
pH 7 2) Low pH (medium 5 pH 4 0) inhibited the decom 
position strongly and Al addition (medium 6) increased 
this effects The statisticall analvsis ot the results is pre 
sented in Table 2 
The cellulase activitydunng the experiment did not 
differ much between the various treatments Onlv in 
medium 2 (0 D т м N a H C 0 3 pH 7 2) and medium 
4 (0 т м NaHCOj pH 7 2) were lower activities found 
and the activitv in medium 1 (3 т м N a H C 0 3 pH 8 0) 
was somewhat higher than in medium 5 2 and 4 (Fig 2 
and Table 2) 
The xvlanase activity was much higher in medium 
1 (5 т м \ a H C 0 3 pH 8 0) than in the other media 
Detritus from media 3 and 5 showed a somewhat higher 
activity than the material trom the media 2 4 and 6 (Fig 
2 and Table 2) 
The polygalacturonase activity was significantly lower 
in media 5 (pH 4 0) and 6 (pH 4 with Al) There was no 
significant difference between the enzyme activities in the 
detritus from the other media (Fig 2 Table 2) 
Pectin pectate lyase activitv was onlv clearlv detect 
able in media 1 (^ т м N a H C 0 3 pH 8 0) and 2 (0 з т м 
N a H C 0 3 pH 7 2) In the other media very low activities 
were lound (Fig 2 and Table 2) 
t o l 1 1 ' 1 u 
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MEDIUM - 1 . 2 A 3 x l «5 об ^ 
f-ig 1 Remaintne drv weieht ot \\mphaea alba detritus during 
chemostai experiments (Means ot triplicates) Medium 1 pH 8 0 
) mil N J H C O ] Medium! pH _ 0 э т м NaHCOj Medium j 
pH 63 03 т м NaHCOj Medium 4 pH ^ 0 т м N i H C 0 3 
McdiunO p H 4 0 Medium 6 pH 4 0 ^5 μ
Μ
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Table 2 Statistical analvsis of the influence of the various treat 
ments on the decay rate and the lime course of the enzyme activities 
1 reatments are arranged from high to low rate of activitv Treat 
ments lollowcd bv the same letter ire not significantly different 
(P>005) 
Decay rale Cellulase Xylanase 
" a l a l a 
l a 3 ab 3 b 
3 b 6 ab ^ bc 
4 b s b 2 c 
5 c "> с 4 c 
6 d 4 c 6 c 
Polygalacturonase Pectin pectate lyase 
Ί
 a l a 
l a 2 a 
4 ι 4 b 
3 a 5 b 
5 b j b 
6 b 6 b 
Discussion 
All the water quality parameters tested in this experiment 
influenced the decomposition rate of Vvmphaea alba 
floating leal blade detritus Low buffering capacity (low 
N a H C 0 3 concentration) low pH and elevated Al con 
centrations inhibited the decay This is consistent with 
the results ot other decomposition experiments (Brock et 
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Fig 2A, В \u iv i ty of cell wall 
degrading ».nzvmes in \\mphma 
ulha detritus during chemoslal ex 
penments (Means oí triplicatesi 
Medium Ι ρ Η 8 0 3 т ч 
N J H C Ü , Medium 2 pH 7 2 
О э т м N.1HCO3 Medium J pH 
6 5 0 3 т ч NaHCO-, Medium 4 
pH-ι Ζ 0 т ч NaHCOj Medium 
5 pH 4 0 Medium 6 pH 4 ü 25 
μΜ Al For definition of activity 
units see Material and methods 
section 
al 1985, Leuven and Wolfs 1988, Kok and Van de Laar 
1991 Koketal 1990a) 
None of the enzymatic activities measured was signifi­
cantly lower in medium 6 (elevated Al concentration) 
This means that the low decomposition rate in medium 
6 cannot be ascribed to direct inhibition of exoenzymatic 
activity by the high Al concentration It is not clear 
through which mechanism Al inhibits the decay rate 
Palumbo et al (1987) suggest that Al rnav be generally 
toxic to microorganisms If this is true, the overall 
exoenzymatic activity in the detntub from medium 6 
should have been low compared to those in medium 5 
and in the other media This was not the case More 
research seems necessary to elucidate the underlying 
process of the influence of high Al concentrations on the 
decomposition process 
Differences in enzyme activity in detritus mav be 
caused bv differences in microbial densities In the experi­
ment presented here, this factor seems to have been ot 
minor importance ыпее ьоте enzymes differed stronglv 
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Table 3. pH range from water extracted from detritus samples 
during chemostat experiments. (Data from Kok and Van de Laar 
ІУЧІ) 
Medium pH range 
1 6.4-7.0 
: 5.7-6.7 
IS 5.2-5.6 
4 5.3-5.S 
5 4.4-5.1 
6 4.2-5.: 
in their activities, whereas the differences tor other en­
zymes were rather small. It' the variation in enzyme activ­
ity had been due to differences in microbial biomass, than 
the effect would have been more or less the same lor all 
the enzymes. It seems more likely that the activity of the 
enzymes was influenced by physico-chemical factors like 
pH. The enzymes under investigation in this study show 
rather large differences in pH optima. Pectate lyase has 
a pH optimum of 8.5-9, polygalacturonase of about 5.5 
(Rexová-Benková and Marcovic 1976). Endocellulase 
has a low pH optimum (4.5-5) (Charnier 1985) and xy-
lanases have a very broad optimum pH range, from 
2.7 to 7.5 ( Dekker and Richards 1974). So it is likely that 
differences in pH will have different effects on the activity 
of the various (exo)enzymes. 
It has been shown that the pH of the water in ,Vrni-
phaea alba floating leaf blade detritus is influenced by the 
pH and the buffering capacity of the surrounding water 
(Kok and Van de Laar 1991). Low pH and low buffering 
capacity of the medium caused a low pH of the water 
inside the detritus. It is plausible that the pH of the water 
inside the detritus is of greater importance for the 
exoenzyme activity in the material than the pH of the 
surrounding medium. Therefore, the results of the mea-
surements of the "internal pH' of the detritus are sum-
marized in Table 3. (The estimates of 'internal pH' were 
done on the same detritus samples as the measurements 
of the enzyme activities presented here.) 
Pectin/pectate lyase activity was only clearly detect-
able in detritus from media 1 (5 т м NaHCO,. pH 8.0) 
and 2 (0.5 т м N a H C 0 3 , pH 7.2). The 'internal pH' of 
the material from these media was higher than that of the 
material from the other media, and showed roughly the 
same range as that required for the production of pectate 
lyase by aquatic saprophytic fungi (Charnier and Dixon 
1982; Charnier 1985). It is likely that the pectin/pectate 
lyase activity in the other media was inhibited by low pH. 
Polygalacturonase activity was low in the materials 
from media 5 and 6. The 'internal pH' in this material 
was clearly lower than the optimum pH of polygalac­
turonase. In the detritus from the other media, the 'inter­
nal pH' lay in the optimum range of the enzyme and 
within the pH range in which aquatic saprophytic fungi 
can desrade pectin (Charnier and Dixon 1982; Charnier 
1985). 
It is not clear why the xylanase activity of the detritus 
from medium 1 (5 т м N a H C 0 3 . pH 8.0) is so high com­
pared to that in other media. All the ranges of the 
"internal pH' in the detritus were within the pH range 
reported for this enzyme. There are indications that high 
pH is a stimulating factor in inducing xylanase activity 
in Trichoderma viride (Dean et al. 1989). It is possible 
that this applies to more fungal species. This xylanase-
inducing effect of high pH would explain the high xylan­
ase activity found in detritus from treatment 1. Further 
research will be necessary to clear up this issue. 
(Endo)cellulase activities were not much influenced by 
the 'internal pH' ranges in the detritus, as was to be 
expected from the broad pH optimum of this enzyme. 
The fact that the differences in enzyme activity between 
the various media were small and not consistent with the 
overall decay rate probably means that inhibition of this 
enzyme is not an important cause of the slow decom­
position rates under acid circumstances. 
The activity of the pectic enzymes pectin/pectate lyase 
and polygalacturonase was inhibited at low pH. Inhibi­
tion of pectin/pectate lyase and of polygalacturonase will 
strongly inhibit the total decomposition of macrophyte 
material. These enzymes are very important in the first 
phase of establishment of fungi on plants and in the 
decomposition of the middle lamella of the macrophyte 
cell wall (Friend 1977 and references therein). If the 
middle lamella remains intact, fragmentation of the tis­
sue will be very slow and this will reduce the available 
surface for microbial colonisation, resulting in a slow 
decomposition process (Hargrave 1972; Larsen 1982). 
Lack of fragmentation of decaying Nymphaea alba leaves 
in acidified water has been reported (Kok et al. 1990b) 
and the hypothesis proposed by these authors, viz. that 
this phenomenon is caused by inhibition of pectic en­
zymes, is supported by the findings presented here. 
The results presented in this paper support the 
hypothesis that inhibition of exoenzymatic activity by the 
acidification process is a major cause of the low decom­
position rates under acid conditions. Three of the four 
cell-wall degrading enzymes tested showed low activities 
under more or less acid conditions. The strongest inhibi­
tion by acid circumstances was found for xylanase and 
pectin/pectate lyase. These results are supported by the 
data of Brock et al. (1985), who found an accumulation 
of hemicellulose compounds in Nymphaea alba detritus 
from an acidified system. Furthermore, Kok et al. (in 
press) showed that low pH inhibited growth of 
saprophytic fungi on pectin and cell wall fraction, but 
not on native cellulose and carboxymethylcellulose. 
It is clear that the inhibition of the cell wall degrading 
enzymes shown in this paper is not the only cause of the 
low decomposition rate in acidified aquatic systems. The 
effects of AI on decomposition cannot be explained by 
low exoenzymatic activity. Furthermore, changes in 
fauna and in nutrient cycles caused by acidification may 
also influence the decomposition rate (Mackay and Ker­
sey 1986; Leuven and Kersten 1988). 
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Errata 
p. 64: eznymcs enzymes 
ρ 64 595 m · 595 nm 
ρ 65 The last part of the section "Measurement of exoenzyme activity" should read: 
Afterwards, 1 ml aquous hexadecyltnmethylammomum bromide solution (10 g.L"') 
(Hankin and Anagnostakis, 1975) was mixed with 1 ml enzyme-substrate mixture 
and the turbidity of the sample was measured at 600 run in a spectrophotometer, 
after proper dilution. The samples were thoroughly vortexed to ensure a finely 
dispersed colloid The enzyme activity was expressed as the decrease in absorbency 
mg' dry deiniush'. 
ρ 68 Kok and Van de Laar (1991) was published in Verh. Internat. Verein. Limnol 24: 2689-
2692. 
ρ 68 The title of Kok, Van der Velde and Landsbergen, 1990 is: Production, nutrient dynamics 
and initial decomposition ol floating leaves of Nymphaea alba L. and Nuphar tutea (L ) 
Sm. (Nymphacaceae) in alkaline and acid waters. Biogeochcmistry 11: 235-250. 
p. 68. Kok, Van der Aa and Haverkamp (1991) was published in . J. Gen Microbiol. 138: 103-
108 
p. 68 Hydrobiolga . Hydrobiologia 
p. 68 Sanderfjord · Sandefjord 
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Influence of pH on the growth and leaf-maceration ability of fungi 
involved in the decomposition of floating leaves of Nymphaea alba in an 
acid water 
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 Laboratorv of Aquatic Ecology, Catholic University, Toemooueld 6525 ED Nijmegen, The Netherlands 
-Centraal Bureau voor Schimmelcultures, Oosterstraat I, 3742 S К Baarn, The Netherlands 
(Receued 15 April 1991 reused 22 August 1991, accepted 19 September 199!) 
Ten species of fungi were isolated from floating leaves cut from plants of Nymphaea alba in various initial stages of 
decay, which were collected from an acidic moorland pool. None of the fungal species isolated belonged to the 
aquatic Hyphomycetes sensu Ingold or the aero-aquatic fungi sensu Van Beverwijk. Growth experiments were 
conducted with five of the species on media containing glucose, polysaccharide or isolated cell walls of N. alba, each 
at three pH values. The fungi investigated were capable of growth on a variety of structural polysaccharides, 
indicating their potential importance in leaf degradation. Low pH inhibited growth on media containing glucose, 
pectin or cell wall fraction. Utilization of carboxymethylcellulose and crystalline cellulose did not differ much 
within the pH range studied. The fungi isolated were grown on N. alba leaf strips at three pH values to study the 
influence of pH on leaf maceration. AU the fungi investigated could develop at low pH (4 0), but maceration was 
only observed at pH 5 5 or 7 5. It is likely that inhibition of pectin degradation is an important factor causing 
suppression of leaf fragmentation at low pH. This may contribute to the inhibition of the decomposition of 
macrophyte remains in acid aquatic systems. 
Introduction 
Decomposition of plant remains in aquatic systems is 
mainly a microbiological process The contribution of 
microbes to the mass loss of macrophyte material is 
about 60-70°
o
 (Harrison & Mann, 1975. Brock, 1984) 
The remainder of the material is lost by leaching of small 
molecules after cell death, autolysis and consumption by 
detntivores The specific role of fungi and bacteria in the 
decomposition process is not clear Contradictory reports 
exist in the literature on the quantitative contribution of 
these groups to the total mass loss of detritus during 
decomposition Some authors stated that fungi are more 
important than bacteria (Kaushik & Hynes, 1971, 
Padgett et al, 1985), while other investigators found 
bacteria to be dominant (Brock, 1984, Benner et al, 
1986) These discrepancies may arise from the use of 
methods which are inadequate to distinguish between 
bacterial and non-bacterial metabolism (Yetka & Wiebe, 
1974). or from differences in the techniques applied 
(Benner et al 1986) There is, however, little doubt that 
fungi dominate the decomposition processes in acid 
waters (Traaen. 1980, Rheinheimer, 1985, Benner et al, 
1986, Leuven & Wolfs. 1988) 
It is extensively documented that the decomposition 
rate is lower in acid systems than in non-acid systems 
(e g Traaen, 1980, McKinley & Vestal, 1982, Hoeniger, 
1985) However, there is little information on the 
mechanisms underlying the inhibition of decomposition 
at low pH MacKay & Kersey (1986) suggested that the 
absence of decay-stimulating detntivores in acid systems 
is a major cause of the low decomposition rate This 
cannot be the only cause, since inhibition of decomposi­
tion by acid is also found in laboratory experiments 
without tauna (Brock et al, 1985, Kok & van de Laar, 
1991) Other authors state that the low pH in acid 
systems inhibits the growth and activity of bacteria 
(McKinley & Vestal, 1982, Rao & Dutka, 1983) 
However, this does not explain why the decay rale in 
acidic media is lower than in media in which antibiotics 
inhibit the growth and activity of bacteria (Brock, 1984, 
Brock et al, 1985. Leuven & Wolfs, 1988) So it seems 
that even acid-tolerant fungi are in some way inhibited 
by low ρ Η 
Since the soluble compounds of dead plant material 
are rapidly lost by leaching, the main substrate of 
saprophytic micro-organisms is the insoluble part of the 
material, mainly consisting of the cell wall fraction 
0001 68"6 Ç 199: SGM 
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(Charnier & Dixon, 1982è) Under non-acid conditions 
aquatic fungi are able to produce all the exoenzymes 
necessary for complete degradation of the cell wall 
(Charnier, 1985, Benner et al , 1986) Therefore, it is 
likely that, even though fungi can grow at low pH, there 
is some kind of inhibition of the exoenzymic degradation 
of the detritus under acid conditions Kok et al (1990) 
reported that the maceration of floating leaf blades of 
Nymphaea alba and Nuphar lutea was inhibited in an acid 
water These authors suggested that this was due to 
inhibition of the breakdown of cell wall components 
Charnier & Dixon (19826) showed that pectin degrada-
tion and leaf maceration by selected aquatic Hyphomy* 
cetes was inhibited at pH <5 Pectate lyase, an 
important enzyme in tissue maceration (Friend, 1977, 
and references therein) was not found m cultures grown 
at pH <6 5 Inhibition of pectin degradation and the 
resulting absence of tissue maceration would strongly 
reduce the decomposition rate of macrophyte material 
To lest the hypothesis that the slow decomposition of 
leaf material under acid conditions is caused by the 
inhibition of pectin degradation, the influence of pH and 
carbon source (glucose and structural polysaccharide 
components) on the growth of fungi isolated from 
floating leaf blades of Nymphaea alba was investigated 
The effect of pH on tissue maceration by isolated fungi 
was also studied 
Methods 
Isolation of Jungt Floating leaves of Nymphaea alba which were still 
connected to the plant were collected in the Voorste Choorven (The 
Netherlands lat N51° 34 54* long E 5" 12 18'! an acidic moorland 
pool (median pH 4 6 in 1988) The leaves were selected according to 
their appearance Three categories were distinguished viz green 
leaves with small necrotic spots leaves with large necrotic areas and 
totally necrotic leaves Leaves were collected in October 1988 and 
October 1990 In 1990 leaf fragments from the sediment detritus layer 
were also collected The samples were transported to the laboratory in 
polyethylene bags 
From the 1988 leaf sample seven leaves were chosen for each of the 
three decomposition stages and five leaf segments (about 4 cm2) were 
cut out from the spotted or necrotic areas of each leaf These segments 
were surface sterilized with a solution of 10/0 (v/v) hypochlorite in tap 
water Гог Э mm and subsequently washed for 30 mm in sterile water 
Leaf cuttings were placed on 2% and 4% (w/v) malt agar in 9 cm Petri 
dishes at room temperature Developing mycelia were transferred to 
new dishes and identified 
The leaves collected in 1990 were treated specially to detect the 
presence of aquatic Hyphomycetes sensu Ingold (Ingold 1942 1975) 
and aero-aquatic fungi sensu Van Beverwijk (Van Beverwijk 1953) 
After nnsing with stenle water leaf segments were cut from five leaves 
from each decomposition stage as described above In addition live 
samples of necrotic but non fragmented leaf material from (he 
sediment of the Voorste Choorven were treated in the same way Four 
leaf sections per leaf were incubated on 0 \% malt agar containing 
50 mg chloramphenicol 1 ' at 15 °C under light Developing colonies 
were transferred lo 2% malt agar containing 50 mg chloramphenicol 
1~' grown at 20 °C and identified If a colony failed to sporulate agar 
strips were incubated in water in flasks with enforced aeration 
(Webster &. Towhk 1972 Webster 1975) In order to detect aero-
aquatic fungi leaf segments were incubated in moist chambers at 15 °C 
under light In addition, leaf segments were incubated in water in 
aerated flasks (Fisher 1977 Fisher & Webster 1978) The moist 
chambers and (he flasks were regularly examined during four weeks for 
the presence of the typical spores indicating the presence of aquatic 
Hyphomycetes or aero-aquatic fungi 
Experimental design In order to determine the interactive effeu of 
carbon source and pH on the growth ot lungi flasks with liquid culture 
media at pH 4 0 :> 5 o r 7 5 and different carbon sources were inoculated 
with mycelium and the growth (amount of protein produced) after 3 
weeks incubation was determined The pH values were chosen to 
represent severely acidified moderately acidified and wircumneutral 
waters respectively This experiment was earned out with five species 
of fungi which were frequently isolated from the decaying floating leaf 
blades 
To study the influence of pH on leal maceration leal disks (I 2 cm 
diameter) were cur from green leaves and incubated in basic culture 
medium The pH was adjusted to 4 0 5 5 or Ί 5 with 1 м HCl The 
flasks were inoculated with mycelium as described below After 3 
weeks incubation the degree ot leal maceration (fragmentation) was 
estimated by filtration of the leal material over a screen with 0 5 cm 
Tiesh size The leal material retained alter gentle rinsing was blotted 
dry weighed and the amount expressed as J percentage of the total 
amount of material All growth experiments were carried out in 
triplicate 
Growth media The media consisted of a basic culture medium and 
1°„ (w/v) carbon source The composition of the basic medium was 
(gl ) NFLNOj 2 5 I C H P O , 2 0 Na^HPO^ 3 0 KCl 0 5 
MgS0 4 7H>0 0 5 FeSOA 7 H , 0 0 01 yeast extract 0 05 chloram 
phenicol 0 05 potassium hydrogen phthalate 10 0 The carbon 
sources added were glucose pectin carboxymethylcellulose (CMC) 
cellulose and cell wall material from floating leaf blades of V alba 
Chloramphenicol (50 mg 1 ) was added to suppress bacterial growth 
All chemicals used for the preparation of the media were of 
analytical grade Pectin (Sigma) was derived from citrus fruits and was 
l0°
o
 methoxylated The cellulose used was Sigmacell type 50 The cell 
wall traction was prepared from floating leaf blades of V alba bv a 
serial extraction method (modified from Harborne 1984) Leaf blades 
were homogenized in 70°„ (v/v) acetone with an Ystral homogenizer 
After filtration the residue was extracted in 96° 0 (v/v) ethanol (0 5 h) 
then in boiling I °0(w/v) NaCl (1 h) and suspended overnight in an I *„ 
(w v) amylase solution (porcine pancreas a amylase Sigma) After 
filtration the residue was extracted in 1 M NaOH (1 h 95 'С) The 
insoluble fraction was washed twice with distilled water and dried at 
50 °C The remaining cell wall fraction contained the hgnocellulose and 
tightly associated hemicellulose (Harborne 1984) 
The media were sterilized at 121 X for 30 mm Glucose and pectin 
were dissolved in distilled water and autoclaved separately to prevent 
degradation 
In order to keep the pH at the initial level during the whole 
experiment, it was accessary to include strong buffers in the basic 
medium A combination of K H 2 P 0 4 , N a 3 H P 0 4 and potassium 
hydrogen phthalate provided the required buffering capacity This was 
checked by measuring the pH of the medium before and after the 
incubation period Pilot experiments showed that the fungi used in 
these experiments were unable to utilize phthalic acid as sole carbon 
source and that growth on oatmeal agar with and without phthalic acid 
was not significantly different Thus an influence of phthalic acid on 
the growth of these fungi can be ruled out 
The culture flasks (250 ml Erlenmeyer flasks containing 100 ml 
growth medium) were inoculated with pieces of mycelium cut with a 
flamed cork borer (diameter 0 8 cm) from the margin of a colony 
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growing on glucose agar The flasks were placed on a laboratory shaker 
at 15 'C in the dark 
Alter 3 weeks the contents of the flasks were filtered and the whole 
residue was homogenized and extracted with 1 ч-NaOH (1 h, 95 °C) 
The samples were centnfuged (13000$, 10 min) and the protein 
concentration in the supernatant was estimated by the Bradford dye 
binding assay as modified by Read & Northcote (1981) Bovine serum 
albumin was used to calibrate the method The protein production was 
corrrccted for the protein content of the inoculum which was estimated 
by determining the amount of protein in a similar amount of mycelium, 
cut from the same colony 
Siüiistical procedures After testing the assumptions of A NOVA the 
significance ol the effects of the treatments on the fungal growth was 
tested with ANOVA and Fishers Least Significant Difference test 
Results were considered significant if Ρ < 0 Ü5 Calculations were 
perlormed using the SAS computer package (SAS Institute, 1985) 
Results 
Occurrence of ¡ungi in 'he field 
Ten species of fungi were found on the leaf blades of 
Nymphaea alba from the Voorste Choorven The species 
and their occurrence in the three decomposition stages 
distinguished are listed in Table 1 No fungi belonging to 
the aquatic Hyphomycetes sensu Ingold or aero-aquatic 
fungi sensu Van Beverwijk were detected, either by direct 
isolation, or by spore production in moist chambers or 
incubation flasks 
Growth experiments 
Five fungal species were selected for the growth 
experiments Colletotrichum nymphaeae, Epicoccum ni-
grum, Trichoderma viride, Botrytis cinerea and Fusarium 
aienaceum AU species were able to grow on the 
substrates tested (Fig 1) Only F avenaceum showed 
little protein production on the cell wall fraction All 
species grew more slowly at pH 4 0 This effect of pH was 
clearly seen in the media containing glucose, pectin and 
the cell wall fraction, and was less pronounced in the 
CMC and cellulose media 
С nymphaeae had the highest protein production in 
the glucose (pH 5 5 and 7 5) and pectin (pH 7 5) media 
The growth at pH 4 0 was significantly lower than at 
higher pH, for all media The difference in protein 
production between pH 5 5 and 7 5 was only significant 
in the incubation series with pectin (Fig la) 
В cinerea had the highest protein production in the 
glucose (pH 5-5) and pectin (pH 7 5) media (Fig 1 b) 
The growth on CMC and cellulose was not influenced by 
pH In the other media the protein production was 
significantly lower at pH 4 0 
E nigrum (Fig 1 c) showed a similar growth pattern to 
В cinerea Its protein production on CMC and cellulose 
Table 1 Occurrence {number of mycelia isolated) of fungi 
associated with different stages of degradation oj floating 
leaf blades of N alba 
Species 
Colletotrichum nymphaeae 
Epicoccum nigrum 
Botrytis cinerea 
Trichoderma ι inde 
Ulocladium oudemansti 
Arthrmtum phaeospermum 
P\ thium unduiatum 
Fusarium avenaceum 
Coprmus s ρ 
Stenle mycelium 
1 
freq 
freq 
3 
3 
3 
-
1 
1 
Stage* 
2 
freq 
freq 
-
-
-2 
Ί 
2 
-
3 
freq 
freq 
freq 
-
-
-
-
-
-
-
'Stage I leaves with small necrotic spots stage 2, leaves with large 
necrotic areas stage 3 totally necrotic leaves Freq, isolated more than 
three times 
ТлЫе 2 Maceration oj leaf strips bv isolated Jungi at 
different ρ И 
The results are expressed as the percentage of material + SD 
retained by 0 5 cm mesh after Я weeks of fungal growth 
Species 
С nymphaeae 
Τ ande 
Ρ unduiatum 
A phaeospermum 
E nigrum 
U oudemansti 
F aienaceum 
В cinerea 
4 0 
93 + 1 
89 + 4 
96 + 3 
9 2 + 1 
90 + 3 
89 + 5 
9 7 + 1 
92 + 3 
pH 
5 5 
53 + 8 
44 + 6 
89 + 6 
85 + 3 
65 + 6 
75 + 4 
9 1 + 3 
87 + 6 
7 5 
32 ± 6 
43 + 3 
65 + 4 
43 + 7 
23 + 3 
45 + 2 
42 + 5 
35 + 7 
was independent of pH The highest production was 
found in the glucose medium (pH 5-5) Protein produc­
tion on pectin was highest at pH 7 5 The growth in the 
media containing glucose, pectin and cell wall fraction 
was strongly inhibited at pH 4 0 
F avenaceum was the only fungus used in this 
experiment that could not grow well on all substrates. Its 
growth on the cell wall fraction medium was very low 
and independent of the tested pH (Fig ld) F avenaceum 
showed high protein production on glucose (pH 5-5) and 
CMC (pH 5 5 and 7 5) Low pH inhibited growth in the 
glucose, pectin and CMC media 
Τ viride showed high protein production in the glucose 
(pH 5-5) and cell wall fraction (pH 7 5) media. Growth 
on CMC and cellulose was not influenced by pH On all 
other substrates the production was inhibited at pH 4 0 
(Fig le) 
75 
С J Кок and others 
Maceration experiments 
The results of the maceration experiments are shown in 
Table 2 All species of fungi investigated showed growth 
on the leaf strips in all treatments Very little maceration 
was found at pH 4 0 At pH 5 5, five of the eight species 
investigated caused at least some leaf fragmentation At 
pH 7 5, all species caused the leaf strips to fragment to a 
large extent 
Discussion 
Although it is unlikely that our list of isolated fungal taxa 
is complete, it is interesting that most of the taxa found 
: 0 20 
i 0 15 
M 1 
D.0 io • f i L 
f 005. \Υ 
Ol 
CWF 
с CMC p~ 
Medium 
1 
α 
pH 
7 5 
Я 5 5 
If40 
Fig 1 Influence of pH and Larbon source on growth (protein 
production) of selected fungi in laboratory experiments after 3 weeks 
incubation G glucose Ρ pectin CMC carboxvmelhylcellulose С 
native cellulose CWF cell wall fraction Bars represent means (n = 31 
The vertical rule represents the least significant difference (LSD) for 
Ρ < 0 05 (α) Colletotrichum nymphaeae (b) Botrytis iinerea (с) 
Epicoccum nigrum (d) Fusarium aienaceutn [e] Tnchoderma uride 
belong to the Hyphomycetes However, none of the 
aquatic Hyphomycetes sensu Ingold or the aero-aquatic 
fungi sensu Van Beverwijk was isolated Hyphomycetes 
sensu Ingold are dominant in the degradation of leaf 
material in many freshwater ecosystems in moderate 
climate zones (Suberkropp & Klug, 1976 Charnier & 
Dixon, 1982α Chergui & Pattee, 1988), and it is 
remarkable that no species of this group were encoun­
tered on the decaying leaves of Nymphaea alba in the 
Voorste Choorven This group of fungi is generally 
characteristic for unpolluted water and these lungi seem 
sensitive to low pH (Webster & Deseáis, 1981 Charmer, 
1987) The conditions in the Voorste Choorven, charac-
terized by extremely low pH (median pH4 6 in 1988), 
high NHJ concentrations and intensive sulphate reduc-
tion in the organic matter accumulated on the sediment, 
are probably inhibitory to aquatic Hyphomycetes Aero-
aquatic fungi are characteristic of stagnant or slowly 
running waters and can be expected to colonize floating 
leaves by means of their unsinkable spores There are 
indications that these fungi can survive in the water layer 
under low-oxygen conditions comparable to the situa-
tion in the Voorste Choorven (Fisher & Webster, 1979, 
Webster & Deseáis, 1981) The absence of this group of 
fungi, even from the material collected from the 
sediment, probably means that these fungi do not 
tolerate the low pH of the Voorste Choorven So it seems 
that the environmental conditions of the Voorste 
Choorven inhibited fungi usually associated with leaf 
litter decomposition, thereby giving a competitive 
advantage to the species we isolated 
Most of the species found in the Voorste Choorven are 
cosmopolitan, and are usually classifed as soil fungi 
(Domsch et al, 1980) Only С nymphaeae seems to be 
specific to Nymphaea alba it was also isolated from 
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floating leaf blades of N alba in non-acid systems (Van 
der Aa, 1978) Ρ undulatum was originally isolated from 
Nymphaea alba and Nuphar lutea in Denmark and this 
species is commonly associated with aquatic macro-
phytes as a saprophyte or perhaps as a weak pathogen 
(Van der Plaats-Niftennk, 1981) 
All the fungal species investigated here were able to 
utilize a diversity of substrates The potential to grow on 
all the purified polysaccharide media tested and on the 
cell wall traction indicates that the species investigated 
are potentially able to decompose the major part of the 
insoluble plant compounds 
The five species used in the growth experiments are 
commonly associated with plants as decomposers or 
pathogens There are numerous reports on their carbon 
nutrition indicating that all species should be able to use 
the whole range of plant cell wall polymers (Domsch et 
al, 1980) The poor growth of F avenaceum on the cell 
wall fraction and the native cellulose may be explained 
by the varying capacities of different strains of this 
species for decomposition of polysaccharides (Domsch et 
al 1980) 
Our results show that pH is an important factor 
regulating the growth of the fungi isolated Even though 
all the investigated fungal species could develop over the 
whole pH range tested, the ability to degrade certain 
types of substrate was strongly reduced at low pH 
Growth on pectin was very strongly inhibited at 
pH 4 0 and inhibition could be demonstrated even at 
pH 5 5, for all species These results support the findings 
of Charnier & Dixon (19826), who found that of seven 
species of aquatic Hyphomycetes investigated, only two 
grew well on polypectate agar at pH 5, whereas all 
species did so at pH 7 The fungi used in our investiga­
tion were somewhat more acid-tolerant, possibly because 
of a selection in an acidic environment One of the 
reasons for the slow growth on pectin at low pH is the 
high pH optimum (8 5-9) of the enzyme pectin lyase 
(Rexova-Benkova & Marcovic, 1976) 
Growth on CMC and cellulose was relatively insensi­
tive to pH Only F avenaceum and С nymphaeae were 
affected by low pH on CMC This can be explained by 
the low pH optima of the exoenzymes involved in the 
degradation of crystalline and amorphous cellulose 
(Charnier, 1985) The faster degradation of the substrate 
at low pH probably compensated for possible detrimen­
tal effects of low pH on the development of the mycelia 
Low pH inhibited the growth of all species on the cell 
wall fraction substrate, except for F avenaceum. which 
showed very little growth on this substrate, irrespective 
of the pH It is possible that the inhibition of growth on 
this substrate is due to the presence of hemicelluloses 
since pH did not influence the development of the fungi 
on cellulose, and the pectins had been removed by the 
extraction procedure (Harbome, 1984) Accumulation of 
hemicelluloses in Nymphaea alba detritus under acid 
conditions is known to occur (Brock et al, 1985) It has 
been shown that hemicellulase production by Τ viride is 
inhibited by low pH (Dean et al, 1989), so it is likely that 
the decomposition of hemicellulose is inhibited at low 
PH 
Another possible explanation for the low protein 
production of the fungi on cell wall substrate at low pH is 
the occurrence of tannins in the cell wall fraction N alba 
is known to contain considerable amounts of hydrolysa-
ble tannins (McClure, 1970), and tannins can inhibit the 
growth of lungi (Knudson, 1913 cited in Domsch et al 
1980, Harrison, 1971) Futhermore, it is known that the 
inhibitory action of hydrolysable tannins is most inten­
sive under acid conditions (Loomis 1974) 
The findings of the growth experiments are supported 
by measurements of exoenzymic activity in decomposing 
N alba leat blades at different pH values (Kok & Van der 
Velde, 1991) At low pH, pectinase and pectin lyase 
activities were not detectable Hemicellulase activity was 
also low at low pH Cellulase activity, however, was not 
influenced by a pH of 4 0 
The results of the leaf maceration experiments support 
the observations of the growth experiments Absence ol 
maceration probably indicates inhibition of pectin 
degradation The fact that the fungi tested were able to 
grow on the leaf disks at pH 5 5 without fragmenting the 
leaf material much also suggests specific inhibition of 
pectic enzymes rather than general reduction of growth 
at this pH Fragmentation of decaying material strongly 
stimulates the decomposition rate (Larsen, 1982) Fur­
thermore, it is likely that the intact pectin in the middle 
lamella and the primary cell wall hinders the degradation 
ot other cell wall polysaccharides Therefore, inhibition 
of pectin degradation may be a major factor in the low 
decomposition rate ol microphyte remains in acid 
waters 
Our results indicate that the degradation of major 
groups of structural carbohydrates by fungi is inhibited 
by low pH Inhibition of growth of the fungal species 
investigated here is, however, not caused by the effect of 
low pH on the exoenzymic degradation of the substrate 
alone Growth on glucose was also inhibited by low pH 
It is not known which process is responsible for this 
inhibition, but it is possible that high H* concentrations 
interfere with the uptake of other cations or with the 
regulation of intracellular pH 
The authors are much indebted to Dr G van der Velde Dr W Gams 
and ProlessorC aen Hartog forcntical review of themanuscnpt Msl 
Blok kindly identified Pvthium undulalum 
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CHAPTER 7 
Kok, C.J. and Van der Velde, G., 1994, 
Decomposition and macroinvertebrate colonization of aquatic and terrestrial leaf 
material in alkaline and acid still water. 
Freshwat. Biol. 31 : in press 

DECOMPOSITION AND MACROINVERTEBRATE COLONIZATION OF AQUATIC 
AND TERRESTRIAL LEAF MATERIAL IN ALKALINE AND ACID STILL WATER 
Summary 
1 Decomposition of Ihe leaves of Nymphaea alba L and Betula pubescens Ehrh was studied 
in two ponds of contrasting pH, buffering capacity and trophic level Rates of carbon loss, 
concentrations of nitrogen, protein and phenolics and colonization of the leaf material by 
macroinvertebrates were studied 
2 Decomposition of В pubescens leaves was slower than that of N alba in both ponds 
Protein and phenolic concentrations were higher in the decomposing N alba material, whereas no 
significant difference was found for nitrogen concentrations 
3 Decomposition of both species was slower in the acid water The effect of acid water on 
decomposition rate was similar for both species Both nitrogen and protein concentrations of iV 
alba remained higher under acid conditions, whereas no effect of study site was observed on the 
protein and nitrogen concentrations in В pubescens htler The concentration of phenolic com­
pounds was higher in N alba litter from the acid pond, no such difference was observed for В 
pubescens litter The high concentrations of phenolic compounds in N alba litter from the acid 
pond probably induced chemical immobilization (tanning reaction), yielding high concentrations of 
nitrogen and protein in the litter 
4 Diversity of the dctritivorous macroinvcrlebrate fauna on the litter of both species was 
extremely low in the acid pond, a relatively high diversity occurred in the alkaline water 
Exclusion of large macrofauna inhibited decomposition in the alkaline water, while there was no 
comparable influence in the acid water 
5 The effects of low pH on the decomposition of both terrestrial and aquatic macrophyte 
litter appeared to be caused by interactive effects of low pH on the microbial decomposition, on 
the detntivorous macroinvertebrates and, in the case of N alba, on the resource quality of the 
detritus 
Introduction 
Acidification of surface waters has a profound effect on the decomposition processes of macro­
phyte material The processing rate of both aquatic macrophyte material and litter from the npanan 
vegetation is strongly reduced under acid conditions (c g Brock, Boon & Paffen, 1985, Chantier, 
1987, Leuven &. Wolfs, 1988. Kok Meesters & Kempens, 1990) The cause of the reduced 
decomposition rates in acid waters is complex Direct effects of low pH on the number and activity 
of aquatic bacteria and fungi may be an important factor (Rao & Dulka, 1983, Charnier, 1987, 
Palumbo et al, 1987a, Kok, Haverkamp & Van der Aa, 1992, Simon & Jones, 1992) Other 
factors implicated are high concentrations of aluminium, which can be toxic to microorganisms and 
inhibit cell wall decomposition (Mandéis & Reese, 1963, Weatherley, Thomas & Ormerod, 1989, 
Kok, Meesters & Kempers, 1990). low buffering capacity, that can lead to acid conditions inside 
the detritus particles (Leuven & Wolfs 1988, Kok & Van de Laar, 1991) and low numbers of 
detntivorous macroinvertebrates which suppresses the formation of small detritus particles 
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(Mackay & Kersey, 1986, Leuven & Wolfs, 1988) 
Reduction in numbers of detntivores under acid conditions can be caused by low pH 
directly and/or by associated high concentrations of toxic mêlais (Leuven et al, 1986b, Palumbo. 
Mulholland & Elwood, 1987), as well as by reduction in resource quality of decomposing material 
(Sutcliffe & Hildrew, 1989) This may be caused by the absence of conditioning of leaf material, 
ι e protein enrichment and softening by microbial activity (Van Frankenhuyzen, Gccn & Koivisto 
1985, Kok & Van der Velde, 1991), or by high concentrations of feeding deterrents in decompos­
ing material Nymphaea alba contains high concentrations of phenolic compounds (hydrolysable 
tannins) that are retained in the litter under acid conditions, and can delcr feeding by dclniivorcs 
(Kok et al, 1992) Aluminium accumulating in dctntus under acid conditions can have a similar 
effect (Salim & Robinson, 1985) 
Studies on the effects of low pH on decomposition have focused mainly on the decomposi­
tion of terrestrial leaf litter in running waters Hydrologically isolated and oligotrophy water bodies 
are also strongly threatened by acid rain, however (Leuven et al 198fia) In these types of waters, 
both terrestrial leaf litter and aquatic macrophytc remains can constitute an important source ot 
detritus Decomposition of terrestrial leaf litter, however, is dilterent from that of aquatic 
macrophytes This is because of the higher content of structural compounds in terrestrial material 
and because of differences in the conditioning process Terrestrial leaf litter usually has a high 
content of structural fibre and hence, a lower decay rate than the litter denved of aquatic 
macrophytes (Godshalk & Wet/el, 1978) Furthermore, aquatic plants are colonized by saprophytic 
microorganisms and facultatively dclntivorous fauna during their entire lilespan (Rogers & Breen, 
1981, 1983) In contrast, terrestrial plant material is colonized by aquatic decomposing organisms 
only alter its arrival in the water The effects ot low pH on the decomposition process may 
therefore be different for terrestrial and aquatic macrophytc litter Studies involving direct 
comparisons of the decomposition of macrophyle litter of terrestrial and aquatic origin arc rare and, 
to our knowledge, possible differences in the influence of acidification on the decomposition of 
these two types of litter have not been studied at all 
In the present study we compared decomposition of an aquatic macrophyte (Nymphaea 
alba L ) and the leaves of a terrestrial plant (Betula pubestens Ehrh ) in an acidified and an 
alkaline water body The following questions were addressed 
A What is the effect of the source of the litter, viz terrestrial versus aquatic on the decomposition 
rate, chemical composition and colonization by macroinvcrtcbratcs η 
B_ What influence docs the water quality have on the decomposition process, and docs water 
quality have different effects on these two types of litter 9 
Ç What is the effect of water quality on the colonization of decomposing material by macroinvcr-
tebrales, and can differences in colonization patterns account for differences 'n decomposition 
rates 9 
D What influence docs exclusion of large macrofauna from decomposing malenal have on the 
decomposition process and is this influence different at the alkaline and acid sites 9 
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Materials and Methods 
Study sites 
The field studies were earned oui from 30 September until 23 November 1989 in two ponds of 
contrasting pH, alkalinity and nutneni concentration The Ooypolder pond (near Nijmegen, The 
Netherlands, 51 ° 51' 18" N, 5 ° 53' 58" E) was characterized by neutral to alkaline pH and high 
buffering capacity The Hazeputten (near Nijnsel, The Netherlands, 51 ° 33' 20" N, 5 ° 30' 16" E) 
was a strongly acidic moorland pool Both waters had dense stands of water lilies (Nymphaea alba 
in the Hazeputten, Nuphar lutea dominated in the Ooypolder pond) Betula pubescens was a major 
species of the npanan vegetation of the acid pool and fallen leaves of this tree were present in 
large amounts on the bottom of this pool The chemical characteristics , determined as described in 
of the two sites during the study period are summarized in Table 1 
NH 4 * 
NO, 
Na* 
K* 
CI 
ro4
3 
Alkalinity 
Acidity 
pH 
(μιτιοί 1 ') 
(цтоі 1 ') 
(μπιοί Γ) 
(μπιοί Ι ') 
(μιτιοί 1 ') 
(μπιοί 1 ') 
(meq 1') 
(meq 1 ') 
alkaline pond 
47 ± 9 1 
15 ± 4 3 
730 ± 40 
98 ± 13 
790 ± 70 
24 ± 0 4 
3 6 ± 0 2 
041 ± 001 
7 4-8 3 
acid pond 
15 ± 2 7 
4 5 ± 07 
380 ± 6 0 
53 ± 82 
460 ± 30 
03 ± 015 
0 0 
0 86 ± 0 09 
3 7-4 6 
Table 1 Chemical characteristics of the acid pond (Hazepulten) and the alkaline pond (Ooypolder) 
investigated (means of 2 weekly mcasurcmcnls during the study period ± S D and pH range) 
Litter bag studies 
Two types of leaves were used floating leaves of N alba and fallen leaves of В pubescens 
Yellowish, senescent floating leaves ot N alba were collected from the acid pond Hazeputten and 
stored at 4 °C until use within a week Disks were cut from the leaf blade with a cork borer (φ 1 1 
cm) avoiding the midrib area Seven grams (wet mass) of leaf disks were placed in each litter bag 
Fallen bul intact autumn leaves of В pubescens were collected from a forest and nnsed to remove 
adhering soil The leal laminae were cut into pieces of about I cm2 and 3 5 g (wet mass) of 
material was filled in each luicr bag 
For bolh litter types, six samples were lyophilized and the ratio of wet to dry mass was 
calculated Using this ratio, the initial dry mass in the litter bags was estimated Since the water 
content of N alba leaves was higher than that ol В pubescens a higher wel mass ot N alba 
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leaves was put into the litter bags Thus the initial amount of dry material was approximately equal 
for both litter types 
Polyethylene litter bags (10 χ 10 cm) with a 2 mm diameter mesh were used These litter 
bags were then placed in enclosing polyethylene sacks (100 X 100 cm), with either d 2 mm or 
0 27 mm mesh The mesh sizes of the enclosing sacks were selected to allow or prevent access to 
the decomposing malenal by large macrofauna This procedure ensured that the effect of mesh size 
on the transport of small detritus particles was small 
Two coarse mesh enclosing sacks and two fine mesh enclosing sacks, each containing 30 
bags of N alba and 30 bags of В pubescens material, were incubated at each study site The 
enclosing sacks were placed on the sediment at a water depth of 1 m 
At weekly intervals from 30 September lo 23 November 1989, three litter bags each of N 
alba and В pubescen1! litter were collected from each enclosing bag In the laboratory, macrofauna 
were collected from the decomposing material and stored in 70 % ethanol After identification, the 
macroinvertcbrates were assigned to functional feeding groups according to a modification of the 
system devised by Cummins (1973) These functional groups were shredders, graders/scrapers, 
gatherers, filter feeders and predators Species with variable feeding habits were assigned to all the 
relevant functional groups The leaf remains in each litter bag were lyophili/ed, weighed and 
stored at - 20°C for further analysis 
Chemical analysis of leaf material 
Carbon and nitrogen concentrations of leaf litter were determined using an elemental analyzer 
(Carlo Erba 1106) Protein concentration was estimated using the Coomassie Blue dye-binding 
method (Read & Northcotc, 1981), after dried malenal was extracted in 70 % acetone to remove 
tannins that might interfere with the assay at high concentrations Suspensions were ccntnfuged 
(6000 g, 10 min) and pellets were extracted in 1 M NaOH, tor 1 h at 95°C After centnfugalion 
(6000 g, 10 mm) protein concentration of the supernatant was measured Bovine serum albumin 
was used for calibration 
Phenolics were extracted from leaf litter with 50 % methanol for 24 h at room temperature 
Suspensions were ccntnfuged (6000 g, 10 mm) and the phenolic concentration of the supernatant 
was determined with FcCl3 reagent (Hagermann & Butler, 1980) Tannic acid was used to calibrate 
the method 
All chemical analyses were performed in triplicale for each litter bag 
Data analysis 
To compensate for influx of inorganic sediment, the decomposition rate and nitrogen, protein and 
phenolic concentrations were expressed per unii of organic carbon remaining in the litter bag 
Significance of the effects and interactions of treatments (litter type, study site, mesh size 
and time) on the measured parameters was tested using the Generalized Linear Models (GLM) 
procedure of the SAS computer package Since none of the higher order interactions between time 
and the other treatments were significant, the effects of treatments were tested over the study 
period as a whole, using all the data for each treatment Significance was assumed at ρ < 0 05 
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Results 
In both ponds, N alba leaves decayed more rapidly than В pubescens leaves (Fig 1 a+b) 
Decomposition of both species was slower in the acid pond The inhibition of the decomposition 
rate in the acid water was approximately the same for both species (no significant statistical 
interaction between the experimental factors litter type and site) 
Nitrogen concentrations of decomposing leaves increased during the first 40-50 days of the 
study period (Fig 1 c+d) Later on, nitrogen concentrations of N alba litter tended to decrease, 
whereas in the В pubescens litter no clear decrease was found during the later stages of the 
experiment Litter type and mesh size had no significant overall effect on nitrogen concentrations, 
but decomposing N alba leaves had a higher nitrogen content in the acid pond Study site had no 
significant effect on nitrogen concentrations in decomposing В pubescens litter 
Protein concentrations of N alba litter rose sharply during the first 20 days of incubation 
at both sites, and tended to decline thereafter Protein concentration of В pubescens leaves 
increased slowly over the incubation period and was significantly lower than that in N alba The 
protein content of N alba litter was significantly higher in the acid water over the incubation 
period as a whole No such effect was. observed with В pubescens Mesh size had no significant 
effect on protein concentrations in the litter of cither species 
Concentrations of extractable phenolics declined rapidly during the first two weeks of the 
study in both litter types (Fig 1 g+h) Over the study period as a whole, concentrations of 
phenolics in degrading leaves of N alba were significantly higher than in В pubescens N alba 
leaf material incubated in the acid pond had a significantly higher content of phenolics, except on 
the last two sampling dates Study site had no effect on the phenolic content of В pubescens litter 
Mesh size had no significant effect on the phenolic concentration of the degrading material of 
either species 
In the alkaline pond, leaf material in coarse mesh enclosing sacks decomposed at a higher 
rate than material in fine mesh enclosing sacks (Fig 1 a+b) Mesh size had no significant effect on 
decomposition rate in the acid pond 
Colonization of litter bags by mairofauna 
The total number of macrofauna specimens was higher in coarse and fine mesh litter bags 
from the acid pond (Fig 2), but the diversity of taxa was higher in the alkaline pond (Fig 3) The 
most numerous taxa in filler bags from the alkaline water were Ohgochacta (mainly Dero spp ) and 
Nematocera (primarily Chironomus plumosus (L ) and Ghptotendipes sp ) In the acid pond, only 
Ncmatocera (mainly Chnonomus plumosus) were found in large numbers Isopoda, Oligochaeta, 
Ephemeroptera and Gastropoda were absent from litter bags in the acid water, whereas Hirudinca, 
Odonata and Tnchoplcra were encountered in small numbers The diversity of functional groups 
was also low in the litter bags from the acid pond (Fig 4), where only filter feeders, gatherers and 
small numbers of predators were encountered 
There was little difference in the numbers oí invertebrates (per bag) on each litter type, 
which tended to increase during ihe incubation penod (fig 2) Initial colonization of N alba leaves 
was more rapid In the alkaline pond the proportions of shredders and grazer/scrapers declined 
towards the end of the incubation penod, on both types of litlcr. whereas the proportions 
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Figure 1 a-h. 
Organic carbon (% of initial), and concentrations of nitrogen (μιηοΐ g ' organic С), protein (mg g ' organic С) 
and phenolic compounds (mg g ' organic С) of decomposing leaf material of Nymphaea alba and Belula 
pubescens in an alkaline (Pond in Ooypolder) and an acid water body (Ha/cpullen) Mean of six litter bags 
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Figure 2 
Colonization of decomposing leaf material of Nymphaea alba and Belula pubescens by macroinvertebrales in 
enclosing sacks of 2 mm (coarse) and of 0.27 mm (fine) mesh size, in an alkaline (Pond in Ooypolder) and 
an acid water (Ha/epullcn). Represented are total numbers per six litter bags per sampling occasion. 
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coaree mesh line mesh 
Figure 3a,b 
Total number of laxa found in enclosing sacks of 2 mm (coarse) and of 0.27 mm (fine) mesh size during 
decomposition of Nymphaea alba (a) and Belala pubescens (b) in an acid (Hazeputten) and an alkaline water 
(Pond in Ooypolder). Represented are total numbers per six litter bags per sampling occasion. 
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Figure 4 
Functional groups (% of total macrofauna) of macrofauna on decomposing leaf material of Nymphaea alba 
and Belula pubescens in enclosing sacks of 2 mm (coarse) and of 0.27 mm (fine) mesh size in an alkaline 
(Pond in Ooypolder) and an acid water body (Hazeputten). A-D: N. alba. A: alkaline pond, coarse mesh; B: 
alkaline pond, fine mesh; C: acid pond, coarse mesh; D: acid pond, fine mesh. E-Η: B. pubescens E: alkaline 
pond, coarse mesh; F: alkaline pond, fine mesh; G: acid pond, coarse mesh; H: acid pond, fine mesh. 
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of filter feeders and gatherers tended to increase The acid pond showed no major changes in 
relative abundance of the functional groups over time 
In the acid pond, coloni/aiion ot both Inter types by macroinvertebrates was almost 
identical In the alkaline water, the number ot taxa on N alba litter tended to be higher throughout 
the experiment Gastropoda (mainly Hippeutis complanatus (L )) preferred leaves of В pubescens, 
whereas Tnchoptera (Cyrnus spp and Tnaenodes bicolor (Curtis)) were more numerous on N 
alba litter The number of taxa on N alba leaves increased dunng the entire study period, whereas 
the number of taxa on В pubescens leaves remained almost constant during the second half of the 
incubation 
Mesh size of the enclosing sacks had a strong effect on the colonization of litter bags by 
mdcroinverlebrates The fine mesh excluded large animals like Asellus aquatwus (L ), Gastropoda, 
Hirudmea, Ephemeroptcra and Tnchoptera to a large extent, but admitted small animals like 
Nematocera and Oligochaeta The total number of animals and taxa found in litter bags of the fine 
mesh treatment was lower than in the coarse mesh treatment, in both ponds (Fig 3) 
Discussion 
The two types of plant matenal used in this study differed in decomposition rate В 
pubescens leaves had a lower decomposition rale than those of N alba, in part because aquatic 
macrophytes have less structural fibre (Godshalk & Wetzel, 1978) Another contributory factor is 
the colonization of aquatic macrophytes by delntivorous fauna and saprotrophic microorganisms 
during senescence (Lammens & Van der Velde, 1978, Rogers & Breen, 1981, 1983), whereas 
terrestrial litter is colonized by aquatic organisms after entering in the water, which usually causes 
a lag in decomposition and consumption by macrofauna (Kaushik & Hynes, 1971, Barlocher & 
Kendnck, 1975) The more rapid colonization of N alba matenal by macrofauna in the coarse 
mesh size treatment in the alkaline water and in both mesh size treatments in the acid pond is 
consistent with this contention 
In the alkaline pond, the relative number of detnlivores processing coarse particulate 
organic matter (shredders and grazer/scrapers) tended to decline on litter of both plant species in 
favour of species consuming fine particulate matter (gatherers and filter feeders) as the study 
advanced This reflected the increasing fragmentation of the decomposing matenal In the acid 
pond, little or no fragmentation of incubated litter was observed and no changes in the occurrence 
of functional groups were found 
Concentrations of nitrogen and exlractable protein increased in each litter type at both sites 
dunng the study penod An increase in the concentration of nitrogen compounds dunng decom­
position of plant materials has been observed previously (eg Brock, 1984, Kok, Meesters &. 
Kempers, 1990), and has been attributed to microbial colonization of the decomposing plant 
remains or (bio)chemical immobilization ot protein into non-soluble complexes (Odum, Kirk & 
Zicman, 1979, Rice, 1982, Boon et al, 1983) This fixation of nitrogen reduces the mineralization 
rate of nitrogen in relation to that of carbon, causing the nitrogen concentrations in the detntus to 
increase 
Protein concentration of N alba litter remained higher than in В pubescens This may 
indicate a difference in the size ot the microbial population, which would be consistent with the 
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higher decomposition rate of N alba Furthermore, the slow increase in protein concentrations of 
В pubescens litter during the initial phase of incubation would suggest a slow microbial coloniz­
ation of this litter However, it is also possible that protein found in N alba was complcxed with 
polyphenols rather than microbial biomass, and it is notable that tannins occur in high concentra­
tions in N alba tissue (McClure, 1970, Kok et al, 1992) Chemical immobilization of protein can 
lead to a rapid rise in protein concentrations during the initial stages of décomposition, because at 
that time soluble components are leached out The idea that protein in N alba Inter might have 
been partly immobilized by chemical reactions is supported by the observation that protein 
increased more in N alba litter from the acid pond Hydrolysable tannins, occurring in N alba, 
bind most strongly to proteins at low pH (Loomis, 1974) If the nsc in protein concentration in the 
N alba litter had been caused primarily by microbial colonization, then the greatest increase 
should have occurred in material from the alkaline pond 
The phenohes concentrations in N alba decreased rapidly during the first two weeks of the 
incubation period This can be explained by the high solubility of these compounds, leading to 
rapid leaching but also by the fact that phenolic compounds bound in complexes by molecular 
bonds are not soluble and therefore escape detection 
The decomposition rate of both litter types was lower in the acid water This can be partly 
attributed to differences in pH and related factors such as HC03 and aluminium concentrations In 
laboratory experiments, low pH and HC03 concentrations and high aluminium levels inhibited the 
decomposition of N alba litter in a manner similar to this study ( Brock, Boon & Paffen, 1985, 
Kok, Meesters & Kempers, 1990) The low concentrations ol N and Ρ in the acid water may also 
have contributed to the low rates of decomposition in this pond (Brock, Boon & Paffen, 1985) 
Another factor contributing to the low rates ol decomposition in the acid pond was the 
absence of large detnlivorous animals such as shredders and grazers/scrapers Exclusion of large 
fauna with the fine mesh inhibited the decomposition in the alkaline pond significantly, whereas a 
similar effect of exclusion was not found in the acid water Differences in the loss of fine 
particulate matter (FPOM) from the litter bags are not likely to have contributed much to the 
observed effect, since all the litter bags within the enclosing sacks were made of material with the 
same mesh size and the effect of mesh size on flow patterns in the sacks was probably small since 
the experiments were earned out in still waters The most likely cause of the different ettcct of the 
exclusion of large invertebrates in the alkaline and acid water is therefore the low abundancy or 
absence of many detntivorcs in extremely acid waters (Leuven et al 1986 Mackay and Kersey, 
1986) 
The absence of shredders and scrapers from the acid pond probably inhibited the 
production of FPOM and decreased the available surface area of substrate lor saprophytic 
microorganisms Both factors can inhibit Ihc decomposition of plant remains (Hargrave, 1972, 
Anderson & Sedell, 1979) An impoverished macrofaunal community, as observed in many acid 
waters (Leuven et al 1986, Mackay & Kersey, 1986) would seem to be an important influence on 
the slow decomposition in this type of water, since Fjclheim and Raddum (1988) found that even 
at neutral pH, an impoverished detnlivorous macrofauna can rcsull in low decomposition rates of 
plant material 
Many detntivorous species cannot tolerate low pH and/or the resulting high conccnlralions 
of metals such as aluminium (Vangenechten, 1980, Leuven, Van der Velde & Kersten, 1992) This 
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is probably the reason for the absence of several species from acid waler. However, the poor 
resource quality of detritus in acid waters may also contribute to the absence of detntivores. Kok et 
al. (1992) demonstraled a relationship between pH of water and the palatability of decomposing 
leaves of N. alba to the dctritivore Asellus aquatic us. These authors found that the poor resource 
quality of the decomposing material from an acid site was partially explained by the high phenolics 
content of this material Incubation of terrestrial leaf litter in acid water can also reduce the food 
quality for some detritivores (Groom & Hildrcw, 1989). 
In the present study it has been shown that there is a complex interaction between water 
chemistry, decomposition of macrophyte remains and detritivorous macrofauna. Decomposition 
rates and activity of detntivores were low in acid water, but it was not possible to establish a clear 
causal relation between these factors, which are, to various degrees, interdependent. Low pH and 
related water quality factors can decrease microbial activity and detritivore population size directly. 
Interactions of these effects may increase the impact of low pH on the decomposition rate. Low 
levels of microbial activity lead to a decrease in palatability of decaying materials to shredding 
detrilivores as well as a decrease in the production of FPOM (Barlochcr & Kendrick, 1975). If 
production of small detrital particles is inhibited, this will in tum decrease the food resources 
available for gatherers, filter feeders as well as for microorganisms. If the decomposing material 
contains considerable amounts of phenolics (tannins), these effects may be further enhanced 
(Nicolai, 1988; Lodge, 1991; Kok et al, 1992). 
Acknowledgments 
The authors are much indebted to Prof. Dr. C. den Hartog for his critical review of the 
manuscript. C.H.J. Hof and J.P.M. Lenssen conducted parts of the practical work. 
References 
Anderson N.H. & Sedell J.R. (1979) Detritus processing by macroinvertebrates in stream 
ecosystems. Annual Review of Entomology, 24, 351-377. 
BarlocherF. & Kendnck B. (1975) Leaf conditioning by microorganisms. Oecologia 20, 359-362. 
Boon J.J., Windig W., Wetzel R.G. & Godshalk G L (1983) The analytical pyrolysis of particulate 
residues of decomposing Myriophyllum heterophyllum. Aquatic Botany, 15, 307-320. 
Brock T.C.M (1984) Aspects of the decomposition of Nymphoides pettata (Gmel.) O.Kunlze 
(Menyanthaceac). Aquatic Botany 19: 131-156 
Brock T.C.M., Boon J.J. & Paffen B.G.P. (1985) The effects of the season and of water chemistry 
on the decomposition of Nymphaea alba L ; weight loss and pyrolysis mass spectrometry of the 
particulate mailer. Aquatic Botany, 22, 197-229. 
Charnier A.C. (1987) Effect of pH on microbial degradation of leaf litter in seven streams of the 
English Lake District Oecologia, 71, 491-500. 
Cummins K.W. (1973) Trophic relations of aquatic insects. Annual Review of Entomology, 18, 
183-206. 
Fjelheim A. & Raddum G.G. (1988) Birch leaf decomposition and associated macroinvertebrates 
in an acidified lake subjected to liming. Hydrobiologia, 157, 89-94. 
Godshalk G.L. & Wetzel R.G. (1978) Decomposition of aquatic angiosperms III. Zostera marina 
93 
L and a conceptual model of decomposition Aquatic Botany, 5, 329-354 
Groom Α Ρ & Hildrew AG (1989) Food quality for delntivores in streams of contrasting pH 
Journal of Animal Ecology, 58, 863-881 
Hagermann A E & Buller LG (1980) Determination of protein in tannin-protein precipitates 
Journal of Agricultural and Food Chemistry, 28, 944-947 
Hargrave BT (1972) Aerobic decomposition of sediment and detritus as a function of particle 
surface area and organic content Limnology and Oceanography, 17, 583 596 
Kaushik NK & Hynes HB N (1971) The fate of dead leaves that fall into streams Archiv fur 
Hydrobiologie 68 465-515 
Кок С J , Haverkamp W & Van der Aa Η A (1992) Influence of pH on the growth and leaf 
maceration ability of fungi involved in the decomposition of floating leaves of Nymphaea alba L 
in an acid water Journal of General Microbiology, 138, 103-108 
Кок С J & Van de Laar В J (1991) Influence of pH and buffering capacity on the decomposition 
of Nymphaea alba L detritus in laboratory expenments a possible explanation for the inhibition of 
decomposition al low alkalinity Verhandlungen der Internationale Vereinigung fur Theoretische 
und Angewandte Limnologie, 24, 2689-2692 
Kok C J , Hof C H J Lenssen J P M & Van der Velde G (1992) The influence of pH on 
concentrations of protein and phenolics and resource quality of decomposing floating leaf matenal 
of Nymphaea alba L (Nymphaeaceae) for the detntivore Asellus aquatitus (L ) Oecologia, 91, 
229-234 
Кок С J , Mcesicrs H W G & Kcmpcrs A J (1990) Decomposition rate, chemical composition and 
nutrient recycling of Nymphaea alba L floating leaf blade detritus as influenced by pH, alkalinity 
and aluminium in laboratory expenments Aquatic Botany, 37 215 227 
Кок С J & Van der Velde G (1991) The influence of selected water quality parameters on 
the decay rate and exocn/ymatic activity of dclnlus of Nymphaea alba L floating leaf 
blades in laboratory expenments Oecologia 88,311-316 
Lammens E H R R & Van der Velde G (1978) Observations on Ihe decomposition of 
Nymphoides pettata (Gmel ) О Kuntze (Mcnyanihaceae) with special regard lo the leaves Aquatic 
Botany 4 331 -346 
Leuven R S E W , Kersten H L M , Schuurkes J A A R , Roclofs J G M & Arts G Η Ρ (1986a) 
Evidence for recent acidification of lentie soft water bodies in the Netherlands Water, Air and Soil 
Pollution, 30, 387-392 
Leuven R S E W & Wolfs WJ (1988) Effects of water acidification on the decomposition of 
J uncus bulbosus L Aquatic Botany 31, 57 81 
Leuven R S E W Van der Velde G & Kersten H L M (1992) Interrelations between pH and 
other physico chemical factors of Dutch soft waters Archiv fur Hydrobiologie 126, 27-51 
Leuven R S E W , Van der Velde G, Vanhemelnjk J A M & Ecken R L E (1986b) Impaci ol 
acidification on the distribution ol aquatic insects in lentie soft waters Proceedings of the 3rd 
European Congress of Entomology, Amsterdam, 1986 pp 103-106 
Lodge DM (1991) Herbivory on freshwater macrophytes Aquatic Botany, 41, 195-224 
Loomis WD (1974) Overcoming problems of phenolics and quiñones in Ihe isolation of plani 
enzymes and organelles Methods in Enzymology 31, 528 544 
Mackay R J & Kersey К W (1986) A preliminary study of aquatic insect communales and leaf 
94 
decomposition in acid streams near Dorset, Ontano Hydrobwlogia, 122, 3-11 
Mandéis M & Reese RT (1963) Inhibition of cellulase Annual Review of Phythopathology, 3 , 
85 102 
McClure JW (1970) Secondary constituents in aquatic angiosperms In Harbome J В (ed) 
Phytochemtcai Phytogeny Academic Press, London, New York pp 233-268 
Nicolai V (1988) Phenolic and mineral content of leaves influences decomposition in European 
forest ecosystems Oecologia 75, 575-579 
Odum W E , Kirk PW & Zicman J С (1979) Nonprotein nitrogen compounds associated with 
particles of vascular plant delnlus Oikos, 32, 362-367 
Pdlumbo AV, Bogle MA, Turner R R , Elwood J J & Mulholland Ρ J (1987a) Bacterial 
communities in acidic and circumneutral streams Applied and Environmental Microbiology, 56, 
337 344 
Palumbo A V , Mulholland Ρ J & Elwood J W (1987b) Microbial communities on leaf material 
protected from macroinvertebrate grazing in acidic and circumneutral streams Canadian Journal of 
Fisheries and Aquatic Sciences, 44 1064-1070 
Rao SS & Dutka В J (1983) Influence of acid precipitation on bacterial populations in lakes 
Hydrobwlogia. 98, 153-157 
Read SM & Northcotc DH (1981) Minimization of variation in the respons to different 
proteins of Coomassie Blue G Dye binding assay for protein Analytical Biochemistry, 116, 53-64 
Rice DL (1982) The detritus nitrogen problem New observations and perspectives from organic 
geochemistry Marine Ecology Progress Series, 9 153 182 
Rogers Κ H & Breen CM (1981) Effects of epiphyton on Potamogetón crispus L leaves 
Microbial Ecology 7, 351 361 
Rogers Κ H & Breen С M (1983) An investigation of macrophyte epiphyte and grazer interact­
ions In Wetzel R G (ed ) Periphyton of Freshwater Ecosystems The Hague, Boston, Lancaster 
Salmi R & Robinson J W (1985) Removal of dissolved aluminium (released by acid rain) using 
decaying leaves I Effect of pH and species of leaves Journal of Environmental Sciences and 
Health (Senes A) 20 701-720 
Simon Β M & Jones J G (1992) Some observations on the absence of bactena from acid waters in 
northwest England Freshwater Forum 3, 200-211 
Sutcliffe D W & Hildrew A G (1989) Invertebrate communities in acid streams Acid Toxicity and 
Aquatic Animals (Ed by R Morns EW Taylor DJ A Brown &. JA Brown) pp 13-29 
Seminar Senes of The Society for Expcnmentol Biology Cambndge University Press, Cambndge 
Van Frankenhuy¿cn К, Geen G Η & Koivisto С (1985) Direct and indirect effects of low pH on 
the transformation of dclntal energy by the shredding caddishfly Clistoroma magnifica (Banks) 
Limncphilidae Canadian Journal of Zoology, 63 2298 2304 
Vangencchten J H D (1980) Inlcnelations between pH and other physico chemical factors in 
surface waters of the Campine of Antwerp (Belgium) with special reference to acid moorland 
pools Archiv fui Hydiobiologie 90 369-396 
Wcatherlcy N S , Thomas SP & Ormerod S J (1989) Chemical and biological effects of acid, 
aluminium and lime additions to a Welsh hill stream Einuonmental Pollution, 56, 238-297 
95 

CHAPTER 8 
Kok, C.J., Hof, С H.J , Lenssen, J P.M and Van der Velde, G , 1992, 
The influence of pH on concentrations of protein and phenolics and resource quality 
of decomposing floating leaf material of Nymphaea alba L (Nymphaeaceae) for the 
detntivore Asellus aquaticus (L) 
Oecologia91 229-234. 

O t o l o g i a (1992) 91 229 2 4 Oecologia 
© Springer Verl.ig 1992 
The influence of pH on concentrations of protein and phenolics 
and resource quality of decomposing floating leaf material 
of Nymphaea alba L. (Nymphaeaceae) 
for the detritivore Asellus aquaticus (L.) 
C.J. Kok, C.H.J. Hof, J.P.M. Lenssen, and G. van der Velde 
Laboratory of Aquatic Ecoloev Catholic University Toernooiveld 6525 Ъ D Nijmegen The Netherlands 
Received January 22 1992 Accepted in revised lorm \pnl ι 1992 
Summary. Senescent floating leaf material ol Vymphaea 
alba L , collected m an acidified moorland pool, was used 
in decomposition studies in two aquatic systems that 
differed greatly in pH, alkalinity and nutrient concentra­
tion Concentrations of extractable protein and phenolics 
in the decomposing leaf material were measured during 
the incubation period Protein levels were not significant­
ly different in the leaf material from the two study sites, 
whereas the concentrations of phenolics in the degrading 
leaf blades from the acid site remained higher than in the 
material from the alkaline site The resource quality of 
the decomposing leaf material was estimated by feeding 
tests using Asellus aquaticus (L ) in the laboratory The 
effect of an artificially increased level of tannin on the 
feeding activity of 4. aquaticus was also studied Material 
from the acid system was consumed at a lower rate than 
material from the other system The phenolic content of 
the material was found to be the most important feeding 
cue The protein level of the leaf blade detritus seems to 
be of less importance The structure of the decomposing 
leaf blades may have influenced the resource quality in 
the later stages of the experiment 
Key words: Decomposition - Feeding cues - Protein -
Phenolics - Acidification 
In aquatic ecosystems, only a small part of the macro-
phyte material produced is usually consumed directly by 
herbivores (Mann 1975, Wetzel 1975, Van der Velde et 
al 1982, Van der Velde and Van der Heyden 1985) Most 
of the macrophyte material enters the decomposition 
food chain The primary agents of decomposition are 
bacteria and fungi (Harrison and Mann 1975, Brock 
1984) The fauna associated with decomposing macro­
phyte remains feeds mostly on saprotrophic microorgan­
isms (Bárlocher and Kendnck 1973a, b, Harrison and 
Mann 1975) However, the detntivorous fauna can have 
Correspondence ю G van der Velde 
a considerable influence on the total decomposition 
process Consumption by macrofauna can alter the parti­
cle size of detritus, as well as the activity and species 
composition of the decomposing microflora (Cummins 
1973, Barlocher and Kendnck 1981) 
Feeding activity of detntivores on vascular plant re­
mains is determined by the nutritive value of this materi­
al It has been shown that microbial colonization makes 
terrestrial leaf material more attractive to detntivores by 
increasing the protein concentration and by the exoenzy-
matic activity of the microorganisms involved (Kaushik 
and Hynes 1971. Barlocher and Kendnck 1973a, b, 
1975) In addition to protein concentration, another im­
portant feeding cue for detntivores is the concentration 
of phenolic compounds in degrading macrophyte re­
mains Material high in phenolics has a low palalability 
to detntivores (Vállela and Rietsma 1984, Valida et al 
1984) 
Both the protein and phenolic concentrations of mac-
rophyte detritus may be influenced by the physico-chemi-
cal environment in which the decomposition is taking 
place A major factor influencing the decomposition 
process is pH (Brock et al 1985, Kok et al. 1990a, b . 
Kok and van der Velde 1991) Microbial colonization of 
detritus is inhibited under acid conditions (Rao and Dut-
ka 1983, Charnier 1987) A small population of decom-
posing microorganisms will probably lead to a low pro-
tein concentration of the detntus, since microbial protein 
makes up a significant portion of the total detntus ni-
trogen (Rice 1982) 
The phenolic concentration of detntus can also be 
influenced by pH The affinity of hydrolysable tannins 
for proteins and other cell compounds is increased by low 
pH (Loomis 1974) V\mphaea alba L contains large 
amounts ot tannins ol this class (McClure 1970, С J 
Kok, unpublished results) It is therefore likely that, 
under acid conditions, these tannins accumulate in the 
decomposing plant material This may affect the resource 
quality of the resulting detntus and the decomposition 
process as α whole, since vascular plant remains with a 
high tannin concentration generally show a slow decom-
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position rate (Basaraba and Starke> 1966, Harrison 
1971 Nicolai 1988) 
JV alba is a dominant macrophyte in many of the 
shallow waters in the Netherlands, and it is relatively 
insensitive to both eutrophication and acidification of the 
environment (Van der Velde et al 1986) Its occurrence 
in both acid and alkaline waters makes this macrophyte 
species highly suitable for studying the effects of pH on 
decomposition processes in natural systems with in 
digenous material Asellus aquaticus (L ) is a ubiquitous 
detntivore in non-acid waters and this species can occur 
on V alba detritus in high numbers (C J Kok unpu 
blished results) 
The questions addressed in the study presented in this 
paper are (A) what is the influence of pH on the protein 
and phenolic concentrat ion of decomposing floating leat 
blades of V\mphaea alba and (B) what is the influence of 
the protein and phenolic concentrat ions of the decaying 
material on the resource quality ot this material lor the 
detnt ivorous isopod Aiellus aquaticuò' 
It was expected that low pH during the decomposit ion 
of V alba floating leat blade material would lead to a 
relatively high concentrat ion of phenolics due lo ihe 
higher binding capacity of these compounds at low pH 
and to a relatively low protein c o n c e n t n t i o n caused bv 
low microbial activity under these circumstances Fur 
thermore it was expected that these factors would lead 
to a low resource quahtv of the decomposing V alba leat 
blades incubated under acid conditions compared to 
/V alba remains incubated in an alkaline system 
Materials and methods 
Study sues 
The field studies were earned out between 30 September and 
23 November 1989 in two systems differing considerably in pH alka 
Unity and nutrient concentrations Pond G (Ooy near Nijmegen 
The Netherlands 51° 51 18* N 5° 53 58 E) is characterized by 
neutral to alkaline pH and a high buffering capacity Hazeputlen 
(near Nijnsel The Netherlands 51° 33 20 N 5° 30 16" E) is a 
strongly acidified moorland pool In both waters dense stands of 
nymphaeid macrophytes occur The chemical characteristics of 
these sites during the study period are summarized in Table 1 
Table 1 Chemical characteristics of the investigation sites during 
the study period (means of fortnightly measurements and pH range) 
Pond G Hazeputlen 
NH4-
N 0 3 
Na 
K ' 
CI 
РОЗ 
Alkalinity 
Acidity 
pH 
(цтоі I"1) 
(цтоі 1 ') 
(μπιοί 1 ') 
(umol 1" ') 
(цтоі 1 ) 
(цтоі I - 1 ) 
(meq I ') 
(meq I ') 
(Ooy) 
47 
15 
730 
98 
790 
24 
36 
041 
7 4-8 3 
15 
4 5 
380 
53 
460 
0 32 
0 0 
0 86 
3 7-4 6 
Incubation of leaf material 
Senescent vellowish floating leaf blades of V alba were collected in 
Hazeputten in August 1989 Seven whole leaf blades were packed 
in a plastic net of 5 cm mesh size At each study site seven leaf packs 
were secured to the bottom with an anchoring bnck and rope Each 
week one of the leaf packs was retrieved from each site and stored 
at -20° С until use 
Phenohts and protein measurements 
Three subsamples of the leaf pack material were lyophilized and 
ground for each sampling dale for protein and phcnolics determina 
non Soluble phenohes were determined after extraction of 10 mg 
detritus powder in 5 ml 50% methanol for 24 h it room tem 
регашге Alter centrifugaron (6000 q 10 min) the concentration of 
phenolics in the supernatant was estimated using FeCl3 reagent 
(Hagermann and Butler 1980) Tannic acid was used to uilibrate the 
method 
Prior to protein extraction soluble phenolics were removed bv 
extraction with 70% acetone (4 mg dried leal pack material in э ml 
70% acetone I:» mm at room temperature) since phenolics can 
interfere with the protein assav at high concentrations After cenln 
fugaiion (6000 g 10 min) the pellet was extracted in 1 ч NaOH al 
9 °^ С for 1 h The protein concentration in the extradant was 
determined aftercenlnfugaiion (6000 g 10 min) using the Bradford 
dye binding assay as modified by Read and Norihcoie (1981) 
Bovine serum ilbumin was used as the standaid 
Estimate oj feeding at twin oj A aquaticus 
The feeding activity of A aquaticus on the decaying material of 
N alba was estimated as production of faecal pellets after a fixed 
period of leedmg 
4 aquaticus were collected in an outlet of a sewage treatment 
plani and in an experimental pond at the Catholic Universitv Nij 
megen Animals of about I cm length were starved for 3 days Discs 
were cut from the leaf pack material with a cork borer (diameter 
1 1 cm) Three of these discs were fed to five animals in 9 cm Dein 
dishes containing lap water After 20 h the disks were removed 2 h 
later the animals were removed and the faecal pellets produced were 
collected on a microscope slide with a pipette Animals kept for the 
same period without leaf discs were used as a control 
After drying the slides the number of faecal pellets produced 
was estimated by measuring the absorption of the slides with an 
Ultro Scan XL Laser Densitometer (Pharmacia LK.B) in two 
dimensional operating mode The results were corrected for the 
production of small particles in the control 
All feeding experiments were earned out in triplicate 
Increase in concentration of phenolics in decomposing 
leaf material 
Leaf discs were obtained from the decomposing leaf blade material 
after 34 days of incubation in both systems The discs were lyoph 
lhzed and soaked in a tannic acid solution of 10 mg m l - 1 and 
100 mg ml l for material from the Hazeputten and Pond G (Ooy) 
respectively Tannic acid was chosen for this experiment because the 
major phenolic constituent of V alba belongs to the same class of 
phenolic compounds (McClure 1970) The resulting concentrations 
of phenolics were 0 11 mg g l for the leaf pack material from 
Pond G (Ooy) and 0 05 mg g l for leaf blade detritus Ггот 
Hazeputten These concentrations were within the range of the 
concentrations observed during the field studv The resource quahtv 
of this phenolics enriched malen il was tested in feeding expen 
ments as described above 
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It was not possible to achieve a substantial increase in protein 
concentration bv soaking the dried material in protein solution The 
reason lor this failure was not nvestigated 
Statistical procedures 
Effects of treatments were tested with ANOVA and the least signifi 
cant difference (LSD1 test for pairwise comparisons Lone trans 
formation of the data was applied if necessary to meet the assump 
tions of ANOVA Significance was assumed at Ρ <0 05 Regression 
anaNsis was applied to estimate the relative importance ot con 
centrations of protein and phenolics in the decay ng plani mater al 
as lecding cues to Λ aquaticus 
Results 
There was a striking difference in the structures of the 
decomposing leaf blades from the two study sites The 
floating leaf blades incubated in the alkaline Pond G 
(Ooy) were largely fragmented during the study period 
The material remaining in the leaf pack became in 
creasinglv soft and had lost most of the toughness ot the 
original leaf blades after the incubation period The leaf 
blades incubated in the acid Hazeputten however were 
largely unfragmented at the end of the incubation period 
and retained their initial structure and toughness 
The time course ot the protein and phenolics con 
centrations is shown in Fig 1 There was no significant 
difference in the time course of the protein concentration 
between the materials from the two study sites Protein 
concentrations tended to increase during incubation 
following a similar pattern in the decomposing leaf mate 
rials from both waters 
The concentration of phenolics was higher in the leaf 
blade detritus from Hazeputten than in the leaf pack 
material from Pond G (Ooy) during the whole incuba 
tion period Concentrations of phenolics in the decom 
posing leaf material from both systems showed a rapid 
decrease during the first phase of the study and a less 
rapid decline during the rest of the observation period 
The combined effects of protein and phenolics con 
centrations in the leaf pack material on the feeding activ­
ity of A aquaticus are shown in Fig 2 Faecal pellet 
production was very low at protein levels under 
0 12 g g 1 dry weight (DW) and phenolics concentra­
tions over 0 04 g g ' DW Material from Pond G (Ooy) 
was consumed at a significantly higher rate than material 
from Hazeputten A significantly higher consumption of 
material from Pond G was also observed in the later 
stages of the experiment after the loss of most of the 
phenolic compounds 
The effect of an artificial increase in concentration of 
phenolics in the decomposing leaf material is shown in 
Table 2 The increase in levels of phenolics caused a 
significant decrease in consumption by A aquaticus of 
material from both study sites The consumption of ma 
tenal from both study sites was equally low after addition 
of tannin Contents of both protein and phenolics are 
significantly related to feeding activity as shown bv re 
gression analysis (Fig 3a and b) Phenolic content of the 
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0 20 
015 
0 10 
0 05 
DW 
a 
Prate ns 
Isd J 
l 
0 10 20 30 40 
α α
 1DW phenolic compounds 
50 60 
days 
fig la b toncentruions ol u extraclable protein and b extractable 
рікпоіісь (fi u DW) in decomposing V mphaea alba leal blade 
m iteri ü in ihe acid astern Hazeputten dashed line and the alka 
line SVELITI Pond Cj (Oov) olid line Means ot triplicates Bar 
ndic Ues ILQSI significant difference (LSD F<0 05) 
. e * 
ι Ρ' 
^ 
je«' ιί"
1 
Fig 2 Influence of protein and phenolics concentrations (g g I 
DW) of Vymphuea alba leaf blade detritus on the faecal pellet 
production (feeding activity) of Asellus aquaticus in laboratory 
experiments Means of triplicates (arbitrary units see Material and 
methods) Open squares Hazeputten solid circles Pond G (Ooy) 
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Table 2. Effect of artificial increase of concentration of phenolics in 
material incubated for 5 weeks at the two study sites on the faecal 
pellet production (feeding activity) of Asellus aquancus in the lab 
oratory measured as absorption of faecal pellets (arbitrary units) 
Before 
increase 
After 
increase 
Pond G 
(Ooy) 
Hazeputtcn 
38 9' 
19 8" 
7 7 ' 
8 4· 
Means of triplicates means with different letters are significantly 
different ( i < 0 05) 
Faecal pellet production (А и ) 
50 
0 15 0 20 0 25 
Protein concentration (g ^ ' D w ) 
Faecal pellet production (A U 
b 
50 
Phenolic concentration (g g ' D W} 
Fig 3at b. Regression analysis of the effect of a protein and b 
concentration of phenolics in decomposing leaf blades ol Nvmphaea 
alba on the faecal pellet production (feeding activity) of -isellus 
aquaticus (black symbols) Open symbols indicate results (means of 
triplicates) of the feeding expenmenls with artificially increased 
phenolics concentrations diamonds unaltered. Squares tannin 
added (not included in the regression analysis) Faecal pellet pro 
duction expressed in arbitrary units, see section Material and meth­
ods Regressions protein,y = 127t + 4 I5,r,2dj = 0 14 /><005 phe 
nolics. > = -186д: + 284, r¿. = 031 Я<001 
degrading leaf blades was a better predictor of feeding 
activity than protein concentration The effect of the 
artificial increase in concentration of phenolics fitted well 
with the overall effect on feeding activity of the con­
centration of phenolics in the decomposing material 
Discussion 
The water quality of the study sites influenced the time 
course of concentrations of extractable phenolics, the 
structure and the resource quality of the decomposing 
leaf blade material The protein levels were not signifi­
cantly different for the materials from the two study sites, 
so this factor is unlikely to have caused the observed 
differences in resource quality of the detritus The same 
conclusion can be reached from the regression analysis 
of the effect of contents of protein and phenolics of the 
decomposing material on the feeding activity of 4 aqua 
ticus The structure ot the decomposing material seems 
to be less important than the concentration of phenolics 
in determining resource quality, since an artificial in­
crease in phenolics decreased the resource quality of 
material from both sites, irrespective ot the structure ot 
the material The experiment involving an artificial in­
crease in the phenolic concentration also showed that 
material with high protein levels was consumed at a low 
rate when the phenolics level was high The effect of the 
artificial increase of the phenolic content of the decom­
posing material fitted well with the overall effect of 
phenolic content on the feeding activity of A äqual или 
This leads to the conclusion that in our study the pheno­
lic concentration ol the leaf material is the most impor­
tant determinant ol resource quality of the decomposing 
material It is possible, however that the structure of the 
decomposing leaf blades influenced the resource quality 
of the material in the later stages of the observation 
period, when most ol the natural extractable phenolics 
were lost A soft structure has been shown to increase the 
resource quality of decomposing terrestrial leaf litter 
(Barlocher and Kendnck 1975) 
The protein concentration m the leaf pack material 
showed remarkably little difference between the studv 
sites The increasing concentration observed in the leal 
blade detritus may be due to increases in the microbial 
population or to the chemical immobilization ol pro-
teinaceous material bv e g tannis (Rii.e 1982) Since 
decomposition rates and microbial numbers are usualK 
low in acid waters (Rao and Dutka 1983 Charnier 19X7) 
and the protein-binding capacity of the tannins ol V ulbu 
is high at low pH, the increase in protein concentration 
observed in the decaying material from the acid site is 
probably primarily due to chemical immobilization ot 
protein 
The pH in Pond G (Ooy) ranged from 7 4 to 8 3 
during the investigation period Binding of tannin and 
protein within this pH range leads to irreversible molecu­
lar bonds between these compounds This type of bond 
will strongly reduce the solubility of protein, even under 
the extraction conditions used in this study (Van Sumere 
et al 1975) It is therefore probable that the observed 
increase in extractable protein concentration of leaf pack 
material from this site is to a large extent caused by 
microbial colonization 
The concentration of phenolics in the decomposing 
leaf material showed a rapid decrease in the first 2 weeks 
of the observation period This was due to leaching of the 
water-soluble phenolic compounds The fact that the 
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level of phenolic c o m p o u n d s in the material from the 
acid ->ite remained higher during the entire study period 
can be explained by the higher binding capacity of hydro 
lysable tannins at low p H (Loomis 1974) 
The inhibitory effect of phenolic constituents ot plant 
material on feeding activity ol herbivores and de 
tntivores has been demonstra ted many times (Buchs-
b a u m e t a l 1984 Val ie lae ta l 1984 Palo 198з Lindroth 
1989) For this reason it is not surprising to find that the 
N alba material containing high levels of phenolics was 
consumed at very low rates in our feeding experiment 
There seemed to be a kind of threshold concentrat ion for 
the feeding deterrent effect of the phenolic compounds in 
V alba floating leal blades on A aquaiicus At levels over 
0 04 g phenolics g ' D W feeding activity was almost 
completely inhibited 
A aquaiicus is usually classified as a detntivore but 
it can feed on a large variety of substrates, including 
decomposing macrophyte remains, d e t n t a l aggregates 
microorganisms its own taeces, living Elodea canadensis 
Rich and fragments of living Elodea nuttalln (Planch ) 
St John (Rossi and Vitagliano-Tadini 1978 Marcus et 
al 1978 Willoughby and M a r c u s 1979, Petndis 1990) 
This species is not able to digest structural carbohydrates 
(Prus 1976) Senescent floating leaf blades of N alba Ms 
unsuitable as food for A aquaiicus probably due to the 
high concentrations of phenolics in this material This 
conclusion fits in well with the hypothesis formulated by 
Lodge (1991) that phenolic c o m p o u n d s are the main 
deterrent to herbivory on aquat ic macrophytes This 
author showed that selective feeding of herbivores on a 
range of aquatic macrophytes was correlated with con­
centrations of phenolics in the plants and with nitrogen, 
structural fibre or alkaloid concentrat ions Living Elodea 
canadensis a food source suitable for A aquaiicus con­
tains low a m o u n t s of phenolic c o m p o u n d s (McClure 
1970 С J Kok unpublished results) 
The interactions between low p H decay rate of mac 
rophvte material and microbial and detntivore activity 
are complex Direct effects of low p H include inhibition 
of microbial degradat ion of cell wall material and frag 
mentat ion of the decaying material, accumulat ion of 
phenolics and the absence of major groups of detntivores 
(Fig 4) Interactions of these effects increase the impact 
of low p H on the decomposit ion rate A low microbial 
activity leads to a low palatabihty of the decaying materi­
als to shredding detnt ivores and to low product ion of 
small d e t n t a l particles Inhibit ion of the product ion of 
small d e t n t a l particles will in turn decrease the available 
substrate for detntivores from the functional group of 
collectors and filter feeders and for microorganisms If 
the decomposing material contains considerable 
a m o u n t s of hydrolysable tannins, these effects are in­
creased by the deterrent effect of tannins on the feeding 
of detnt ivores and by the inhibitory effects of tannins on 
microbial activity 
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p. 101: long transformation log transformation 
p. 103: The sentence: " This author showed that selective feeding of herbivores on a range of 
aquatic macrophytes was correlated to phcnolics concentral ions of the plants and ω 
nitrogen, structural fibre or alkaloid concentrations." should read: 
This author showed that selective feeding of herbivores on a range of aquatic macrophytes 
was correlated to phenolics concentrations of the plants and not to nitrogen, structural 
fibre or alkaloid concentrations. 
ρ 103: Kok et al., 1991 : Kok and Van der Velde, 1991 
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CHAPTER 9 
Summary 

SUMMARY 
The effect of water quality on the decomposition process of macrophyte material is very complex It 
has been shown in this thesis that all the stages of the decomposition process of floating leaf material 
of Nymphaea alba L are influenced by water quality conditions ranging from well buffered, and 
slightly alkaline to extremely acid 
The production, senescence and initial decomposition of floating leaves of N alba and, for 
comparison, Nuphar lutea (L) Sm were studied in waters differing considerably in pH, buffering 
capacity and nutrient concentrations The initial stage of decomposition of floating leaf blades of N 
alba and N lutea in non-acid waters is characterized by the relatively rapid disappearance of leaf area 
This loss of leaf area did not occur in acid systems Parameters of the senescence process, such as 
chlorophyll-α dynamics and resorption of nitrogen and phosphorus compounds did not show much 
difference between the plants from the non-acid and the acid systems studied The fact that the floating 
leaves of both plant species retain their structural integrity for a long time under acid conditions is an 
indication of inhibition of microbial degradation of the cell wall and the middle lamella 
The causal relation between water quality parameters related to acidification (viz low pH and 
HCO, concentration and high level ol aluminium) and low rate of decomposition was proven in 
laboratory experiments in chemostats It is concluded that these three chemical factors all influence 
the decomposition rate of leaf blades of N alba A low decomposition rate was found to cause a slow 
recycling of N and Ρ from the detritus 
Low HCO3 concentrations inhibited decomposition even at neutral pH This effect was related 
to the pH of the water inside the delntus High concentrations ol HC03 neutralized the acids produced 
inside the detritus At low concent ral ions or in absence of HC0 3 , acid microsiles developed inside the 
decomposing m ate π al 
The circunineutral, poorly buffered type ol aquatic ecosystem is very susceptible to acidifica­
tion In the process of acidification, the loss of buffering capacity without much change in the pH is 
the first stage Therefore, it seems likely that inhibition of decomposition of macrophyte material will 
start at a very early stage of the acidification process, before a scnous decline in the pH of the system 
can be detected 
The effect of HC03 on the decomposition rale has consequences for the design of strategies 
lor the restoration of acidified waters The fact that pH can be raised to circumncutral levels without 
sharp acceleration ot the decomposition, by keeping the buffering capacity at a low level, is very 
important for the restoration of acid waters with accumulated organic matter It is likely that bulk 
addition ot lime, raising pH and alkalinity to high levels, will result in undue stimulation of 
decomposition and nutrient recycling and subsequent eutrophication Careful, stepwise addition of lime 
or other acid neutralising substances seems a more promising method of restoring acidified waters with 
a high load of detritus 
The prime agents of the degradation of the insoluble part of macrophyte remains are microbial 
exoenzymes A complex of various enzymes is necessary to degrade the plant cell wall Investigations 
on the activity of some of these enzymes during decomposition and the influence of water quality on 
these enzymes provided direct information on the mechanisms involved in the effects of water quality 
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on decomposition processes In laboratory experiments it has been shown that pectin-degrading 
enzymes are almost completely inactive at low pH A strong inhibition of xylanase (an enzyme from 
the hemicellulasc class) was found in water with low buffering capacity Cellulase was not much 
influenced by the range of the water quality parameters applied 
An inhibition of pectin-degrading enzymes will lead lo inhibition of fragmentation of 
decomposing plant material Such a lack of fragmentation was frequently observed in our experiments 
under acid conditions, both in the early and later stages of the decomposition process 
The studies on the exoenzymatic activity did not give more information on the mechanism 
through which an elevated aluminium concentration inhibits decomposition rate A possible explanation 
for the observed effect of aluminium could be that Al-ions bind to negatively charged sites in the leaf 
material Since Al3* is a small, highly charged ion, it will replace other ions like Ca2* Aluminium is 
a inhibitor of cellulase, but in higher concentrations than observed in acid waters High concentrations 
of Al, however may well occur in the detritus, at the site of the activity of cellulase This could 
explain the fact that no influence of aluminium on cellulase activity was found, because the aluminium 
hindering the cellulase activity would be bound to the detritus and noi lo the substrate added for 
exoenzyme measurement 
The results of the enzymatic studies have been substantiated by aulecological experiments on 
fungi isolated from decaying /V alba leaves from an acidified pool In agreement with the results of 
the enzymatic studies, it was found that selected fungi were unable to grow on pectin and cell wall 
material of N alba at low pH Furthermore, leaf maceration by these fungi was inhibiled under acid 
conditions These investigations show that inhibition of the enzymatic degradation of pcclin and 
possibly hcmiccllulosc of decomposing leaf material of Nymphaea alba is an important cause of the 
low decomposition rate under acid conditions 
The effect of acid conditions on dclntivorous macrotauna has been clearly shown At the acid 
study site, the diversity of detnlivorcs and macroinvertebrate functional (feeding) groups was extremely 
low, compared to a non-acid study site This may be related to a direct toxic effect of low pH and 
related water quality parameters on many dclntivore species, but also on a lower resource quality of 
detritus under acid conditions It was shown thai phenolic compounds occur at high concentrations in 
decomposing leaves of N alba at low pH This may inhibit feeding of dctntivorcs as well as activity 
of saprotrophic microorganisms Feeding activity of dctntivorcs stimulates the activity ot saprotrophic 
microorganisms and vue versa 
With the results of this thesis, a model ol the relations between water quality parameters associated 
with acidification and the decomposition of floating leaves of N alba can be developed 
Decomposition of N alba in well buffered non-acid systems is fast The pectin-degrading 
enzymes and xylanase show a high activity under these conditions The pH within (he decomposing 
material is about neutral Phenolic compounds are rapidly lost by leaching and occur in low levels in 
the detritus in the later stages ol decomposition Detnlivorous macrotauna is found on the 
decomposing material in high diversity 
In poorly buffered, neutral water the decomposition rate ot Nymphaea alba floating leaves is 
lower than under well-buffered conditions The pH within the detritus reaches 5 5 Under these 
circumstances, the activities of xylanase and the pectin-degrading enzyme pectin lyase drop to low 
levels 
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Figure 1 
Interactions of factors causing the low rate of decomposition of floating leaf blades of Nymphaea alba under acid 
conditions 
Under acid conditions, the decomposilion rate of Nymphaea alba leaves is very low The 
decomposing leaf material retains its structure over long periods, without much Iragmcntation or 
softening The pH within the decomposing material drops as low as 4 5 Under these conditions, 
activity of xylanase is low and activity of pectin degrading enzymes can not be detected Phenolic 
compounds remain in the detritus at higher levels than under non-acid conditions Under acid 
conditions, dctntivorous macrofauna associated with N alba leaf blades shows a very low diversity 
Shredders and grazers were not encountered under acid conditions 
The conclusion of this thesis is that several interacting factors explain the differences in 
decomposilion rate of Nymphaea alba under acid and non-acid conditions (Fig 1) Low pH and the 
associated water quality factors (low НСОЗ and possibly high Al concentration) have a direct 
influence on the microbial decomposition of the leaf material Low pH inside the dclntus and a high 
concentration of phenolics lead to an inhibition of cell wall degradation and of fragmentation of the 
tissue, and to a low resource quality of the decomposing material for detntivorous macrofauna The 
absence of shredders and grazers also inhibits ihe production of fine particulate organic matter 
Furthcnnorc, the stimulating effect of shredders and grazers on the saprotrophic microorganisms, as 
observed in non-acid systems does not occur This complex of interacting factors is the cause of the 
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observed differences in the decomposition of floating leaf blades of N. alba under conditions ranging 
from well buffered, slightly alkaline to extremely acid. 
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CHAPTER 10 
Samenvatting 

SAMENVATTING 
Het effect van de waterkwaliteit op de decompositie van materiaal van hogere planten is zeer complex 
In dit proefschrift is aangetoond dat alle stadia van het decompositieproces worden beïnvloed door de 
waterkwaliteit, over het gehele traject van hoge pH en buffercapaciteit lot zeer zuur 
De primaire produküe, veroudering en de initiële stadia van het decompositieproces van 
dnjfbladeren van Nymphaea alba en, ter vergelijking, Nuphar lutea zijn bestudeerd in enkele wateren 
die sterk verschillen in pH, buffercapaciteit en nutnentengehalte Tijdens de initiële fase van de 
decompositie verdween in niel-zure wateren een groot gedeelte van de dnjfbladeren relatief snel Dit 
verdwijnen van dnjfbladeren trad niet op in zure wateren Andere parameters van hel 
verouderingsproces, zoals de chlorofylconcentratie en de resorptie van stikstof- en fosforverbindingen 
verschilden niet duidelijk lussen planten uit zure en met-zure wateren Het feit dat de dnjfbladeren van 
beide onderzochte plantensoorten in zure walcren gedurende lange tijd intact bleven tijdens de initiële 
fase van de decompositie, duidt op een remming van de microbiele afbraak van de celwand en 
middenlamel in het plantcwccfsel 
Een causaal verband tussen langzame decompositie van dnjfbladeren van Nymphaea alba en 
parameters gerelateerd aan walcrverzunng (lage pH, lage buffercapacileil en een hoge 
alummiumconcentratie) werd aangetoond in laboratonumexpenmentcn onder constante 
omstandigheden De conclusie van deze expenmenten is dat alle dne de bovengenoemde chemische 
factoren de decompositie van bladmatcnaal van Nymphaea alba vertragen Verder werd aangetoond 
dat een lage decomposiliesnclhcid het vnjkomen van stikstof- en fosforverbindingen remt 
Het decoinposilicproccs werd geremd dooreen lage buffercapaciteit (HC03 -concentratie), zelfs 
bij neutrale pH Dit effect werd veroorzaakt door de invloed van de buffercapaciteit op de pH van het 
water in hel dclntus Een hoge concentratie HC03 neutraliseerde hel zuur dal geproduceerd werd in 
de detntuspartikcls tijdens de afbraak Bij lage concentraties of het ontbreken van HC03 ontstonden 
zure microniches in het afbrekende malenaal 
Zwak-gebufferde, met-zure wateren zijn zeer gevoelig voor verzuring Het verzunngsproces 
begint met het verlies van buffercapaciteit, zonder veranderingen in pH Hieruit volgt dat het 
waarschijnlijk is dat remming van decompositie van plantemalenaal al optreedt in een zeer vroeg 
stadium van hel verzunngsproces, voordat een duidelijke teruggang van de pH kan worden vastgesteld 
Bij restauratie van verzuurde wateren moet rekening gehouden worden met het effect van 
buffercapaciteit op de decompositie Het feil dat de decompositiesnelheid laag blijft bij neutrale pH, 
zolang de buffercapaciteit ook laag blijft, is van groot belang voor de restauratie van wateren met een 
grote hoeveelheid organisch malenaal op de bodem Het is waarschijnlijk dat maatregelen die de pH 
en de buffercapacileil van du type wateren ineens naar een hoog niveau brengen, een sterke 
stimulering van de decompositie en het vnjkomen van grote hoeveelheden nutriënten tot gevolg zullen 
hebben Stapsgewijze toevoeging van zuur-neutraliscrcnde stoffen lijkt onder deze omstandigheden een 
betere manier om de wateren hun vroegere oligotrofe karakter terug te geven 
Microbiele exoenzymen zijn de sloffen die de afbraak van het onoplosbare gedeelte van het 
planlewccfsel veroorzaken Een ingewikkeld mengsel van verscheidene enzymen is nodig om de 
celwand van planten af te breken Het bestuderen van de activiteit van deze enzymen en de invloed 
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van waterkwaliteitsfactoren op deze activiteit leverde informatie over het precieze mechanisme van het 
effect van waterkwaliteit op het decompositicproces In dit proefschrift is aangetoond dat pektine-
afbrekendc enzymen bijna volledig inactief zijn bij een lage pH Xylanase, een enzym uit de groep 
van de hemicellulases, was duidelijk minder actief bij lagere pH en lage buffcrcapacileit Remming 
van pektine-afbrekende enzymen leidt lot het intact blijven van plantematenaal Dit intact blijven van 
plantematenaal werd vaak gevonden in experimenten onder zure omstandigheden, zowel in de initiële 
als in de latere stadia van het decompositieproces 
De metingen van de exoenzymatischc activiteit gaven geen verdere informatie over het 
mechanisme waardoor een hoge concentratie aluminium in het water de decompositie remt Een 
mogelijke verklaring voor het effect van aluminium op de decompositie kan zijn dat aluminiumionen 
binden aan negatief geladen plaatsen in het afbrekend matenaal Al3* is een sterk geladen ion met een 
kleine ïonstraal Dit ion kan andere ionen, zoals Ca2* van bindingsplaatsen verdringen Aluminium is 
een remstof van cellulase, maar in hogere concentratie dan gemeten wordt in zure wateren Hoge 
concentraties van aluminium kunnen misschien wel optreden in het dclnlus zelf, op de plaats waar het 
cellulase enzym aangrijpt Dit zou kunnen verklaren dat er geen invloed van aluminium op cellulase 
werd gevonden, omdat het aluminium dat de cellulase remt in hel dclnlus gebonden is en de reactie 
van cellulase met het toegevoegde substraai voor de enzymatische aclivileitsmeting niet kan 
beïnvloeden 
De resultaten van de enzymatische bepalingen zijn bevestigd dmv auloccologisch onderzoek 
aan schimmels die geïsoleerd zijn van afbrekende N alba bladeren uit een verzuurd ven Er is, in 
overeenstemming met de resultaten van de enzymatische studies, gevonden dal de geselecteerde 
schimmels bij lage pH niet konden groeien op pektine en cclwandinatenaal van N alba Verder 
konden de schimmels onder zure omstandigheden bladmatcnaal niel fragmenteren Deze resultaten 
laten zien dat de remming van de afbraak van pektine en mogelijk ook van hemicellulose in het 
bladmatenaal van N alba een belangrijke oorzaak is van de remming van de afbraak bij lage pH 
Dclntivore macro-evertebraten werden duidelijk beïnvloed door een lage pH In een zeer zuur 
water was de diversiteit aan detntivoren en aan verschillende voedingsgroepen buitengewoon laag, in 
vergelijking met een nicl-zuur water Dit kan te wijten zijn aan cen direct toxisch clfcct van lage pH 
en hieraan gerelateerde waterkwaliteitsfactoren, maar ook aan een lagere voedselkwaliteit van het 
afbrekend matenaal onder zure omstandigheden Aangetoond is dat fcnolische verbindingen in hoge 
concentraties voorkomen in afbrekend bladmatcnaal van N alba Deze verbindingen kunnen zowel 
consumptie door detntivoren als activiteit van saprotrofc microorganismen remmen Consumptie van 
afbrekend matenaal door detntivoren stimuleert de activiteit van saprotrofe microorganismen en 
omgekeerd 
Op grond van de resultaten van dit procfschnfl kan een model ontwikkeld worden dat de relaties 
tussen watcrkwaliteitsparameters die met verzunng en ie maken hebben en de afbraak van dnjfbladeren 
van N alba weergeeft 
In een sierk gebufferd, met-zuur systeem verloopt de afbraak van N alba snel Onder deze 
omstandigheden vertonen pektine-afbrekende enzymen en xylanase een hoge activiteit De pH van 
het water in hel detritus is ongeveer neutraal Fenolische componenten lekken snel uit hel malenaal 
en komen in de latere stadia van de afbraak slechts in lage concentraties voor Detntivoren komen dan 
in grote diversiteit op het afbrekend matenaal voor 
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Figuur 1 
Samenhang lussen factoren die hel langzame verloop van de afbraak van drijfbladeren van N alba onder zure 
omstandigheden verklaren 
In zwak-gebufferde, neutrale condilics loopt de afbraak van N alba drijfbladeren niet zo snel 
dis onder goed gebufferde omstandigheden De pH in hel detritus zakt naar ± 5,5 Onder deze 
omstandigheden bereikt de activiteit van het pckline-afbrckcndc enzym pektinelyase en van xylanase 
slechts een laag niveau 
Onder zure condities verloopt de decompositie van N alba zeer langzaam Het afbrekende 
bladmalenaal behoudt zijn structuur gedurende lange tijd, zonder te fragmenteren of zachter te worden 
De pH in het detritus zakt tot 4,5 Onder deze omstandigheden is de activiteit van xylanase laag en 
kan geen activiteit van pektinc-afbrckendc enzymen worden aangetoond Fenolischc verbindingen 
blijven in hoge conccniratics in het malcnaal aanwezig De detntivoren vertonen een zeer lage 
diversiteit Fauna die afbrekend materiaal atgraast of verscheurt werd onder zure omstandigheden niet 
gevonden 
De conclusie van dit proefschrift is dat verschillende, onderling samenhangende factoren het 
verschil in verloop van de afbraak van N alba tussen zure en met-zure omstandigheden verklaren (Fig 
1 ) Een lage pH en de daaraan gerelateerde waterkwaliteitsfacloren (lage HCO, - en hoge 
aluminiuniconccntralic) hebben een direct eifecf op de microbicle afbraak van het bladmateriaal van 
N alba Een lage pH in het detritus en een hoge concentratie aan fenolische verbindingen leiden lot 
117 
een remming van de celwandafbraak en van fragmentatie van het bladwcctsel, en tot een lage 
voedselkwaliteit van het afbrekend materiaal voor detntivoren De afwezigheid van bepaalde groepen 
van detntivoren remt ook het ontstaan van kleine detntusdceltjes Verder treedt het stimulerende effect 
van delntivoren op de saprotrofe microorgarusmcn, zoals dal in niel-zure systemen waargenomen 
wordt, niet op in zure systemen Dit complex van onderling samenhangende factoren is de oorzaak van 
het vastgestelde effect van de range van basische, slerk-gcbufferde tol zure condities op het verloop 
van de afbraak van dnjfbldderen van N alba 
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